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ABSTRACT OF THESIS 
 
 
WHAT’S IN THE PAN: AN EVALUATION OF FRAGIPAN EVOLUTION IN 
WESTERN KENTUCKY 
 
The fragipan is a common diagnostic soil feature that does not follow a clear 
development path. Fragipans are found commonly throughout the southeastern 
US and cover 2.7 million acres in Kentucky alone. However prevalent, there is no 
currently accepted genesis theory for fragipans. In this study, we sought to better 
understand the formation of fragic features in Kentucky’s soils by evaluating 
fragipan characteristics across a sequence of pedons featuring varying degrees 
of fragipan development. We found that [Si/Al]Dithionite, [Si/(Si + Al)]Dithionite and SiD 
concentration were all higher in well-developed fragipans, suggesting the 
involvement of an aluminosilicate binding phase with fragipan development. 
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1 
Chapter 1 . Introduction
1.1 Study rationale 
The evolution of the many diverse soils found in the United States is a 
consequence of multi-factor pedogenic processes. Taxonomically distinct soils 
develop due to differences in the soil forming state factors: climate, organic 
activity, relief (topography), parent material, and time (age) (Jenny, 1941). Soils 
with similar state factors or environmental conditions are typically found grouped 
together in patterns across a landscape. In some cases, diagnostic features are 
found in soils without a clear development path. The fragipan is one of these 
features. Though they are found commonly throughout the eastern United States 
(Bockheim & Hartemink, 2013), their origin has yet to be agreed upon by the 
pedological community. 
1.2 What is a fragipan? 
Keyed by Guy Smith from the Latin fragilis (Grossman & Carlisle, 1969), 
the word fragipan refers to a brittle, restrictive soil horizon (pan) rich in silt and 
fine sands and low in clay. The Natural Resource Conservation Service (NRCS) 
describes fragipans as adhering to all of the following criteria: 
“1. The layer is 15 cm or more thick; and 
2. The layer shows evidence of pedogenesis within the horizon or, at a





3. The layer has very coarse prismatic, columnar, or blocky structure of 
any grade, has weak structure of any size, or is massive. Separations 
between structural units that allow roots to enter have an average spacing 
of 10 cm or more on the horizontal dimensions; and 
4. Air-dry fragments of the natural soil fabric, 5 to 10 cm in diameter, from 
more than 50 percent of the soil horizon slake when they are submerged 
in water; and 
5. The layer has, in 60 percent or more of the volume, a firm or firmer 
rupture-resistance class, a brittle manner of failure at or near field 
capacity, and virtually no roots,” (Soil Survey Staff, 1999). 
 The structure, firm consistence, and high density of the fragipan lead to 
several land use issues. First, the high density and rupture resistance of the 
prismatic structural units (“prisms”) prevent roots from penetrating the fragipan 
matrix. Instead, roots must move through the friable, vertical grey seams 
(“cracks”) of the fragipan (Figure 1.1) (Lindbo et al., 1995). This reduces the 
available rooting zone for plants. Several studies have found that crop yield is 
dramatically reduced by the presence of fragipans, especially when occurring at 
shallow depths (Cullum et al., 2000; Graveel et al., 2002; Rhoton, 1990). 
Cultivation of soils with fragipans may also lead to increased surface erosion and 
subsequent loss of soil fertility, further impacting agricultural use (Rhoton & 





 The high density of the fragipan can also limit water movement (hydraulic 
conductivity) within the pedon. Similar to roots, water moves more easily through 
the friable crack material than the prism. Because of this, water movement within 
the fragipan is largely limited to the cracks (Parlange et al., 1989). The inability of 
water to move freely through the pedon leads to the formation of perched water 
tables above the fragipan (Figure 1.2)(Daniels & Fritton, 1994). Drainage-related 
issues can be compounded by the tendency for illuviated clays to accumulate 
within pores of crack material (Rhoton & Römkens, 1998), further preventing 
downward water movement through the fragipan. The low hydraulic conductivity 
of the fragipan has several implications. A low hydraulic gradient means that 
water within the fragipan is typically not available for plant use (Grossman & 
Carlisle, 1969). While water in shallow fragipans may move into the rooting zone 
of plants when the soil becomes very dry, water within deeper fragipan horizons 
is virtually inaccessible to plants (Bradford & Blanchar, 1980; Rhoton & 
Römkens, 1998). Engineering limitations also arise from the low hydraulic 
conductivity of the fragipan; for example, they disrupt the filtration of onsite 
sewage disposal systems such as septic tank absorption fields (Daniels & Fritton, 
1994).
4 
Figure 1.1. A pedon containing a fragipan in Crittenden County, Kentucky. The fragipan 
begins at 80 cm., with an overlying glossic horizon from 60-80 cm. The fragipan exhibits 






Figure 1.2. The high density and 
firm consistence of the prism 
material limits downward 
movement of water and roots. 
As water can only infiltrate the 
crack portion of the fragipan, the 
hydraulic conductivity of the soil 
is reduced, and a perched water 






 Though the physical characteristics of fragipan horizons cause 
considerable damage as discussed above, the causative agent behind these 
characteristics is not well understood. Some argue that the physical qualities of 
the fragipan are born of physical processes that lead to close packing of the 
particles within the horizon (Assallay et al., 1998; Bryant, 1989) while others cite 
the presence of a binding agent that causes semi-cementation of the fragipan 
matrix (R. B. Daniels et al., 1966; Karathanasis, 1987b; Marsan & Torrent, 1989; 
Norton et al., 1984) leading to high bulk density, brittleness, and high rupture 
resistance.  
Attempts to ameliorate the effects of fragipans on land use have largely 
focused on decreasing the bulk density of the pan to allow the soil to drain more 
freely. Physical remediation by deep trenching of soils containing fragipans was 
found to greatly increase water holding capacity within the pedon and grain 
sorghum yields over a period of 16 years (Bradford & Blanchar, 1977, 1980). 
Loosening of the fragipan horizon followed by lime and organic matter 
amendments was found to delay the onset of further consolidation within the 
fragipan for approximately 5 years (Fritton et al., 1983).   
Other attempts have sought to dissolve a possible semi-cementing agent 
within the fragipan with injections of different chemical materials.  High pH 
materials like fluidized bed combustion ash, poultry litter, and aerobically 
digested biosolid waste have all been implicated as potential ameliorants to the 






New methods of fragipan amelioration using ryegrass cover crops and 
root exudates have proven successful in reducing the bulk density of the pan and 
increasing slaking in fragic peds (Karathanasis et al., 2014; Matocha et al., 
2018). This may be because ryegrass is capable of both physically breaking 
down the pan via bio-drilling of roots and chemically remediating cementation via 
root exudates. 
Fragipan amelioration techniques simply speed up the natural-but-gradual 
process of fragipan degradation. Over time, the preferential movement of water 
along prismatic ped faces within the fragipan leads to degradation via 
microerosion and subsequent formation of light-colored vertical seams or cracks 
between prismatic structures (Nikorych et al., 2014; Payton, 1993b; Szymański et 
al., 2011). As the fragipan degrades, the depleted crack material expands to form 
an albic matrix surrounding more resistant prism material (Lindbo et al., 2000). 
The formation and expansion of vertical cracks is thought to occur as the 
fragipan (Btx) breaks down into a glossic (Bt/E) horizon (Ciolkosz et al., 1995; 
Lindbo et al., 2000; Payton, 1993a; Weisenborn & Schaetzl, 2005b), and as such 
the unique prism and crack morphology of the fragipan may be a consequence of 
the breakdown and erosion of the horizon. 
1.3 How do fragipans form? 
Though there is a common understanding amongst pedologists regarding 
the problems fragipans cause, there is currently not an agreed upon fragipan 
genesis mechanism (Soil Survey Staff, 1999). Difficulty determining a fragipan 





occur. In the United States, fragipans are found in heavy concentrations in 
several “pockets”: the Palouse region of Eastern Washington and Northern Idaho 
(e.g., Brooks et al., 2012; McDaniel et al., 2001), the northern region of the 
Midwest including Wisconsin and Michigan (e.g., Habecker et al., 1990; Park et 
al., 2006; Weisenborn & Schaetzl, 2005a), the Mid-Atlantic/Northern Appalachian 
region including Ohio, Pennsylvania, and West Virginia (e.g., Beck, 2011; 
Ciolkosz et al., 1995; Cremeens et al., 1998; Norton et al., 1984), the Coastal 
Plains region of the Southeast including the Carolinas and parts of Maryland 
(e.g., R. B. Daniels et al., 1966; Smith & Callahan, 1987; Steele et al., 1969), and 
the Ohio and Lower Mississippi Valley including Kentucky, Indiana, Tennessee, 
and Missouri (e.g., Franzmeier et al., 1989; Harlan & Franzmeier, 1977a; Harlan 
et al., 1977b; Lindbo et al., 1995; Lindbo et al., 2000; Norton & Franzmeier, 1978; 
Tremocoldi et al., 1994; Wilson et al., 2010).  
The study and comparison of fragipan soils in different regions has 
suggested that there may be different pathways leading to fragipan genesis in 
different environments. For example, in regions affected by cold climates and 
past glaciation, freeze/thaw processes are often cited as a contributor to the 
development of fragic morphology (Fitzpatrick, 1956; French et al., 2009). 
However, in parts of the southern region of the Midwest (e.g., Missouri, 
Kentucky), glaciation did not occur during the last glacial maximum and as such 
glaciation involved processes were significantly less likely to contribute to 
fragipan formation. Because of this, the determination of fragipan genesis 





In the lower Midwest, there are three predominant hypotheses regarding 
the formation of fragic properties: 1) illuvial clay bridging of silt and sand particles 
leads to an increase in density at depth, firm consistence, and brittleness on 
drying, 2) close packing of silt and sand particles caused by hydroconsolidation 
(i.e., loess collapse) causes the increased density observed within the pan as 
well as the firm consistence while the brittleness of the pan arises from further 
pedogenesis, and 3) illuvial, amorphous silica collects at depth and precipitates, 
bridging silt and sand grains together and increasing the density of the horizon, 
causes brittleness and firm consistence on drying. These hypotheses are 
discussed in the following sections. 
1.3.1 Illuvial clay bridging 
Illuviated clay structures are common in soils and form from the 
translocation and subsequent flocculation of fine clay particles (Bronick & Lal, 
2005; Nettleton et al., 1990; Ranst et al., 1980). In fragipans, illuviated clay has 
been found to connect or “bridge” silt and fine sand particles together (Ajmone-
Marsan et al., 1994; R. B. Daniels et al., 1966; Knox, 1957; Lindbo & Veneman, 
1993; Payton, 1993a; Szymański et al., 2012; Weisenborn & Schaetzl, 2005a). 
Clay bridging between coarser soil particles within the soil matrix is thought to be 
a contributing factor to the brittle, non-plastic manner of failure characteristic to 
fragipans (Attou & Bruand, 1998; Payton, 1993a; Szymański et al., 2012) and 
even the bulk density of the fragipan as illuvial clay infills pore space (Attou & 





Kentucky (the region of the present study) suggested clay minerals were the 
driver for the development of fragipan horizons (Hutcheson et al., 1959). 
1.3.2 Hydroconsolidation (loess collapse) 
 Hydroconsolidation (or loess collapse) is the process by which silt-heavy 
sediments collapse, eliminating all void space resulting in a tightly packed, 
consolidated matrix (Drăghici & Marcu, 2017; Rogers et al., 1994). When aeolian 
silt (loess) is deposited, it falls in a metastable structure dominated by weak 
bonds (Smalley et al., 2016). On saturation, the weak bonds are overtaken and 
the loess loses most of its strength, resulting in structural failure of the sediment 
(Smalley & Marković, 2014).  
 For loess collapse to occur, several prerequisite conditions are required. 
First, the loess must be deposited in an unstable structure dominated by short 
range order (SRO) bonds (Bryant, 1989; Smalley et al., 2016). Second, the loess 
must be deposited in a humid system as wetting is required to overcome SRO 
bonding (Assallay et al., 1998; Drăghici & Marcu, 2017; Smalley et al., 2016). 
Finally, the loess must have clay proportions occurring within a narrow range, 15-
20% (Assallay et al., 1998; Rogers et al., 1994; Smalley et al., 2016). If there is 
greater than 20% clay content within the loess deposit the soil will be too plastic 
to facilitate collapse and will simply deform (Assallay et al., 1998). High 
proportions of clay also fill void space, preventing collapse (Smalley et al., 2016). 
Clay contents below this range also prevent collapse due to the rigidity of the soil 





Fragipans typically contain similar proportions of clay as those required to 
facilitate loess collapse (~15-30%) (Ciolkosz et al., 1995; Duncan & Franzmeier, 
1999; Norfleet & Karathanasis, 1996; Weisenborn & Schaetzl, 2005a, and 
others) and are commonly  found in areas with a moisture excess during a 
portion of the year (Franzmeier et al., 1989; Smalley et al., 2016). The 
prism/crack morphology of fragipans may arise from contraction of the saturated, 
collapsed loess on drying (Smalley et al., 2016) similar to polygonal cracking of 
desiccated soils (i.e., mud cracks). Repeated wet/dry cycles increase the volume 
of the vertical seams between prism units, forming a preferential water pathway 
that is eventually microeroded and reduced, producing the characteristic light 
grey color of the crack material (Payton, 1993b; Smalley et al., 2016). 
Evidence of loess collapse has been noted in several fragipan studies 
based on close packing of soil grains when observing thin-section slides of prism 
material (James et al., 1995; Weisenborn & Schaetzl, 2005a). In one study which 
evaluated packing in fragipan and non-fragipan horizons, rhombohedral packing 
of silt and sand grains observed in the fragipan was not seen in any other soil 
horizon or type observed (Falsone & Bonifacio, 2009). The close packing of silt 
and sand grains caused by hydroconsolidation may also produce the high 
density of the fragipan horizon as pore space is minimized in this condition.  
Close packing is also thought to increase the efficacy of semi-cementing 
agents such as illuvial clay (Knox, 1957) or aluminosilicate species (Bryant, 





1.3.3 Illuvial silicate bridging 
In soil environments, large fluctuations in silica content occur across 
landscapes and within pedons due to the tendency for silica species to transform 
and translocate through pedogenesis (Drees et al., 1989; Sommer et al., 2006). 
Through chemical weathering, silica is released from primary and secondary 
mineral sources and enters a reactive aqueous phase within the soil solution 
(Drees et al., 1989). Because silica is less soluble at high pH, silica weathering 
proceeds more strongly in acidic soil environments (Beckwith & Reeve, 1964). 
During wet periods, increased chemical weathering occurs and aqueous silica 
concentrations build in the soil solution. During desiccation, the aqueous silica 
precipitates into amorphous mineral forms including coatings and bridges 
between soil particles (Drees et al., 1989; Sommer et al., 2006).  
Several studies have noted a strong increase in the amount of aqueous 
silica released under repetitive wet/dry cycling (Morris & Fletcher, 1987; Rückert, 
1992; Siipola et al., 2016), Because of this, seasonally saturated horizons often 
exhibit higher amorphous silica accumulation than overlying and underlying 
horizons (Georgiadis et al., 2017; Georgiadis et al., 2014; Saccone et al., 2007). 
Similar patterns of amorphous silica accumulation in fragipan horizons have been 
observed in the Midwest (Karathanasis, 1987a, 1987b; Norfleet & Karathanasis, 
1996; Norton & Franzmeier, 1978; Norton et al., 1984; Steinhardt & Franzmeier, 
1979), and elsewhere including the northern Midwest, Mid-Atlantic, Northwestern 
Italy and Poland (Ciolkosz et al., 1995; Marsan & Torrent, 1989; Park et al., 





High concentrations of aqueous silica species accumulate in the fragipan 
soil solution through the weathering of overlying soil horizons (Drees et al., 1989; 
Sommer et al., 2006), which are typically fine-loam textured loess parent 
materials (Bockheim & Hartemink, 2013). There is some evidence that soils 
formed in loess may have higher inherited levels of low solubility, reactive silica 
(Reyerson, 2012). Enrichment of the soil solution with reactive aqueous silica 
reaches a critical point when the Qsp (reaction quotient) of amorphous silica 
surpasses the Ksp (solubility product). When Qsp > Ksp, precipitation of amorphous 
silica coatings and bridges occurs. This typically happens on drying when water 
is lost and the concentration of aqueous silica in the soil solution reaches a 
maximum (Drees et al., 1989).  
Karathanasis (1987a, 1987b) found that the solution chemistry of 
fragipans in Kentucky supported the formation of an amorphous silica binding 
phase through dissolution of albite. These studies also indicated that overgrowth 
of pedogenic silica coatings which bind coarser soil particles and infill micropores 
are the cause of the brittleness and rigidity characteristic of the fragipan. 
 1.3.3.1 Silica ratios 
 Many studies evaluating the presence of a mineral binding phase utilize 
molar ratios of silica to aluminum or iron as evidence of the illiuvial Si bridging 
(Karathanasis, 1987a, 1987b; Marsan & Torrent, 1989; Norfleet & Karathanasis, 
1996). Different proportions of these metals tend to form different species within 
the soil environment (Sommer et al., 2006). For example, at pH 5-7 fragipans 





have ratios of <1.0 (Karathanasis, 1987b). Differences in Si:Al ratio between 
fragic and non-fragic soils indicates different mineralogy and the presence of an 
amorphous silicate phase in the Si-enriched fragipan (Karathanasis, 1987a).  
Norfleet and Karathanasis (1996) used the molar ratio Si / (Si + Al) to 
evaluate fragic and non-fragic horizons in western Kentucky. They found that the 
Si / (Si + Al) positively correlated with strength, indicating that the increased 
strength (i.e., resistance to shear and deformation) of the fragipan is likely due in 
some part to the presence of an aluminosilicate phase. Using this ratio, they 
found that fragipan horizons had Si / (Si + Al) molar values greater than 0.45 
while non-fragipan horizons exhibited values less than 0.45. Most fragipan 
horizons had an Si molar value around 0.55, suggesting that an amorphous 
aluminosilicate component with a similar molar ratio was responsible for 
increasing fragipan strength. Wilson et al. (2010) found that Si / (Si + Al) was 
highest in fragipan horizons. Further, the Si / (Si + Al) was markedly higher in 
horizons with fragic brittleness than those without. The ratio was also found to be 
higher in soils with better expressed pans. 
Marsan and Torrent (1989) evaluated the dithionite extractable Si:Al of 
fragic soils in northwestern Italy and found maximum values occurring in the 
fragipan horizon. Similar findings were found in southwestern Indiana by 
Tremocoldi et al. (1994). They attributed this to silica associated with the surface 
of pedogenic iron oxides. Marsan and Torrent (1989) also evaluated the 
dithionite extractable Si:Fe in soils with fragipans and found a maximum ratio 





when silica associated with iron oxide surfaces (i.e., goethite) reaches a certain 
concentration. Similar results were found by Wilson et al. (2010). Silica-iron oxide 
associations are well studied and occur via a Si-O-Fe bond at the surface of the 
iron oxide mineral (Drees et al., 1989). These bonds are severed during the 
reduction of the iron species, which results in higher proportions of silica released 
under redox conditions (Saccone et al., 2007). 
1.4 How do properties associated with fragipan horizons change with 
development? 
 The morphological criteria laid out by the NRCS (Section 1.1 allow for a 
range of fragipan expression including differences in horizon thickness, levels of 
pedogenesis, structural shape and grade, spacing of crack units, consistence, 
and proportion of brittleness. As fragipans are field-identified soils, their presence 
cannot be confirmed or denied based on laboratory testing (Ciolkosz et al., 1995) 
and determinations of their degree of expression are largely based on differences 
in field morphology based on the NRCS taxonomic description. Several studies 
have sought to determine the degree of expression of fragipans in order to 
understand how fragic properties evolve in soil.  
 Harlan and Franzmeier (1977a) used loess thickness as a proxy for 
fragipan development in southwestern Indiana, as soils with fragipans formed in 
thinner loess tended to exhibit more horizonation and larger fragipan prisms. 
Better developed fragipans formed in thinner loess deposits tended to have 
higher concentrations of dithionite-extractable silica in the fragipan. They also 
found that better developed pans tended to have higher Al2O3 and MnO2 contents 





 Norfleet and Karathanasis (1996) identified sixteen pedons in western 
Kentucky of varying degrees of fragic expression in order to determine how 
fragipan strength (i.e., resistance to deformation, shear stress) is related to 
fragipan development and whether strength is related to an amorphous 
aluminosilicate phase. They found that fragipan horizons were much stronger 
than non-fragipan horizons and that fragipan horizons with higher rates of 
brittleness (i.e., fragic expression) had higher strength than less brittle horizons. 
They also found that soil strength in the most developed fragipan horizons 
positively correlated with a [Si / (Si + Al)]sequential dithionite of 0.55, potentially 
indicating that an amorphous aluminosilicate phase gives rise to increased 
fragipan expression in well developed soils. 
 Weisenborn and Schaetzl (2005a) studied the expression of fragipan 
horizons in three Michigan pedons to determine a mechanism for fragipan 
formation in the upper Midwest. The fragipans evaluated in this study were 
different from those observed in the lower Midwest as they developed in glacial 
drift parent materials beneath spodic horizons. Weisenborn and Schaetzl found 
that better-developed fragipan horizons exceeded the 0.5 [Si / (Si + Al)]dithionite 
value that Norfleet and Karathanasis (1996) found correlated with fragic soil 
strength; Weisenborn and Schaetzl also found that poorly developed proto-
fragipan horizons merely approached but did not exceed this value. This 
suggested that while the well-developed fragipan horizons may be semi-
cemented with an amorphous aluminosilicate phase formed through the 





packing and intergrain bridging were observed in all fragic pedons regardless of 
degree of expression.  
Based on their findings, Weisenborn and Schaetzl (2005b) proposed a 
fragipan development model for upper Midwestern fragipans. This model 
suggests several initial conditions important to fragipan formation, many of which 
do not apply to fragipans observed in the southern Midwest. Initial conditions 2 
(loamy texture with 5 to 40% clay), 4 (deep parent material), and 5 (lacks a 
persistently high water table or zones of saturation) seem to disagree with 
established fragipan research in the southern Midwest. This further suggests the 
need for regional evaluation of fragipan genesis pathways. 
Studies focused on fragipan evolution across a development gradient in 
western Kentucky have primarily focused on mechanical soil properties and 
limited extractions focused on bulk fragic material rather than the full pedon and 
individual fragipan subunits (i.e., prism and crack structures) (Norfleet & 
Karathanasis, 1996). Here, we assess changes in the fragipan over the course of 
its evolution by comparing fragic and non-fragic horizons as well as prism and 
crack material from a wide range of fragipan expression. By observing changes 
in the fragipan associated with better morphological development, we will be able 
to assess which soil properties contribute or do not contribute to fragipan 
expression. 
Given the uncertainty surrounding the formation processes in fragipan 





order to develop a better understanding of fragipan evolution the objectives of 
this thesis were: 
1. Sample fragipan pedons along a sequence of fragipan expression 
based on expert local knowledge, 
2. Correlate and compare common fragipan properties across the 
fragipan expression sequence (e.g., bulk density, pH, extractable 
metallic ions, etc.), 
3. Identify pedogenic processes involved in fragipan evolution by 












The hypotheses of this study are: 
• The bulk density of the fragipan horizon is higher in well developed 
fragipans than in less developed fragipans (Tukey’s Honest Significant 
Difference (HSD)). 
• The amount of ammonium oxalate extractable silica (SiO) and 
pyrophosphate extractable silica (SiP) present will be higher in well 
developed fragipans than in less developed fragipans (HSD). 
o There are greater amounts of SiO and SiP in the fragipan prism than 
the crack (Welch’s Unpaired T-Test (TT)).  
• The amount of citrate dithionite extractable aluminum (AlD), iron (FeD), and 
manganese (MnD) present is higher in the prism material of well developed 
fragipans than in less developed fragipans (HSD).  
o There are greater amounts of dithionite extractable metals (Al, Fe, 
and Mn) present in the fragipan prism than the crack (TT). 
• The amount of citrate dithionite extractable silica (SiD) present will be 
higher in well developed fragipans than in less developed fragipans 
(HSD). 






o SiD has a positive relationship with bulk density, as the infilling of 
pores with illuviated silica may increase bulk density within the 
fragipan (Pearson’s R (PR)). 
o SiD has a positive relationship with prism size (PR). 
o SiD has a positive relationship with AlD and FeD (PR). 
• Dithionite silica-metal molar ratios ([Si:Al], [Si / (Si + Al)], [Si:Fe]) will be 
higher in well developed fragipans than in less developed fragipans 
(HSD). 
o Dithionite silica-metal molar ratios will be higher in the fragipan 
prism than the crack (TT). 
o Dithionite silica-metal molar ratios will have a positive relationship 
with bulk density (PR). 
o Dithionite silica-metal molar ratios will have a positive relationship 
with prism size (PR). 
2.2 Methods 
2.2.1 Site selection and soil forming factors 
 Eight pedons containing fragipan horizons were selected in seven western 
Kentucky counties with the assistance of Natural Resource Conservation Service 
(NRCS) soil scientists from Owensboro, KY (OWN-6). Pedon locations are 
mapped in Figure 2.1. The pedons chosen reflected a range of morphological 
fragipan expression based on expert local knowledge (McCauley, 2019a). 
 Kentucky has a warm-temperate, fully humid climate with hot summers 
(Kottek et al., 2006). During the summer, much of Kentucky exhibits a water 





water deficit occurs when potential evapotranspiration (PET) is greater than 
precipitation during a selected time period. Potential evapotranspiration is 
calculated by determining the amount of water transpired by plants at peak 
productivity for the typical temperature on a given day plus the amount of 
evaporation from bare soil (Thornthwaite, 1948). When PET exceeds 
precipitation, the transpiration and evaporation are theoretically removing more 
water than what is available from precipitation, which creates seasonal drought-
like conditions. In the winter, precipitation exceeds PET in western Kentucky by 
5-7 centimeters, resulting in saturated conditions (Figure 2.2). Both of these 
conditions are important for fragipan development (Duncan & Franzmeier, 1999; 
Franzmeier et al., 1989).
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In western Kentucky, fragipans form in loess parent materials overlying 
paleosols from sedimentary residuum or alluvium. Loess in the midwestern US 
accumulated as a result of the retreat of the Laurentide Ice Sheet (Chamberlin, 
1897). As the ice sheet retreated, silt-heavy glacial outwash was deposited in the 
upper Midwest and redistributed throughout the region via eolian transport (Bettis 
et al., 2003; Muhs et al., 2013).
Figure 2.2. Maps showcasing Kentucky's summer moisture deficit (Top) and 






In the study area, there are two predominant ages of loess (“loess 
packets”) observed in the field, Peoria and Roxana (McCauley, 2019b). The older 
loess packet, Roxana, was largely deposited throughout the Midwestern US from 
~30-60 kya (Curry et al., 2011; Pigati et al., 2015). Peoria loess was largely 
deposited in the Midwestern US between 15 and 30 kya (Muhs et al., 2018; 
Muhs et al., 2013). These parent materials can be distinguished from one 
another by morphological characteristics, especially color and texture 
(Karathanasis & Macneal, 1994; McCauley, 2019b). 
2.2.2 Field Methods 
Sampling took place in July, August, and December 2019. At each site, 
the pedon was excavated to reveal the pit face and the exposed pedon’s 
morphology was described as outlined in the United States Department of 
Agriculture’s (USDA’s) Soil Survey Manual (2017). Bulk soil samples were taken 
from each genetic horizon and from the surface using an Uhland corer. In fragic 
horizons, fragipan prisms were measured along the horizontal axis to determine 
the average prism diameter for each horizon. Discrete samples of prism and 
crack material were also collected for separate analysis.  
At three of the sites (Trigg, Grayson, and Christian) separate crack and 
prism samples were not collected/processed. Trigg (an intergrade pedon) did not 
have clearly distinguishable crack and prism structure to sample. The Grayson 
pedon did have separately sampled prisms and cracks, but the samples were 
lost to lab flooding. Several bulk fragipan samples from the Christian pedon and 





2.2.3 Pedon Descriptions 
 
 Each sampled pedon is defined below. Pedon information is summarized in 
Table 2.1. 
 
2.2.3.1 New Breckenridge (NB-SH) 
Taxonomy: Fine-silty, mixed, semiactive, mesic Oxyaquic Fraglossudalfs 
Site Position: Upland backslope, 4% slopes 
The New Breckenridge pedon is part of the Sadler soil series. It is located 
in the Western Coalfields physiographic province within Breckenridge County, 
Kentucky. The primary vegetation at this site was grass/herbaceous cover. The 
New Breckenridge pedon formed in 119 centimeters of Peoria loess over 25 cm 
of Roxana loess overlying sandstone/shale residuum. Sandstone/shale bedrock 
was visible at 203 cm, with paralithic rock exposed at 184 cm. At this site, there 
was an argillic horizon from 20 to 184 cm as well as a glossic horizon from 59 to 
76 cm. The fragipan at this site began below the glossic at 76 cm. Fragipan 
prisms ranged in diameter from 11 – 15 cm and increased in size with depth. 
Within the fragipan, the prevalence of silt coating slightly exceeded that of clay 
films. This pedon was moderately well drained. 
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2.2.3.2 Old Breckenridge (OB-SU) 
Taxonomy: Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs 
Site Position: Upland summit, 4% slopes 
The Old Breckenridge pedon is mapped as Sadler but was observed in 
the field to be a part of the Zanesville soil series. It is located within the Western 
Coalfields physiographic province within Breckenridge County, Kentucky. The 
primary vegetation at this site was grass/herbaceous cover. This pedon formed in 
114 centimeters of Peoria loess overlying 31 cm of Roxana loess with 
sandstone/shale residuum beneath. Sandstone/shale bedrock was visible at 220 
cm. At this site, there was an argillic horizon from 23 – 220 cm. The fragipan at 
this site began at 57 cm. Fragipan prisms ranged in diameter from 18 – 25 cm 
and were consistent in size throughout the horizon. Silt coats exceeded clay films 
within the fragipan. This pedon was somewhat poorly drained and had evidence 
of seasonal saturation in the Bt/E above the fragipan beginning at 48 cm. 
2.2.3.3 Christian (CH-SU) 
Taxonomy: Fine-silty, mixed, active, mesic Oxyaqudic Fragiudalfs 
Site Position: Upland Summit, 1.5% slopes 
The Christian pedon is part of the Zanesville soil series. It is located on an 
eroded slope within the Western Coalfields physiographic province in Christian 
County, Kentucky. Within this pedon, clay films were much more common than 
silt coatings in the fragipan and the fragipan had a much more clay-heavy texture 
(silty clay loam) than other sampled fragipans. The primary vegetation at this site 





differentiated from Roxana loess due to welding from about 120 to 137 
centimeters. This pedon formed in 137 cm of loess overlying clayey residuum 
weathered from sandstone and shale. The bedrock at this site was visible at 210 
cm with paralithic rock exposed at 167 cm. There was an argillic horizon present 
from 20 – 167 cm and the fragipan formed within it beginning at 58 cm. A glossic 
horizon overlayed the fragipan from 47 to 58 cm. Fragipan prisms ranged in 
diameter from 10 – 20 cm and tended to be larger with depth. Beneath the 
fragipan, clay increased considerably. In the deepest horizon, the texture was 
silty clay. This fragipan was moderately well drained, but had evidence of 
saturation in the Bt/E above the fragipan beginning at 47 cm. 
2.2.3.4 Crittenden (CR-SH) 
Taxonomy: Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs 
Site Position: Upland Shoulder, 4% slopes 
The Crittenden pedon is part of the Hosmer soil series. It is located in the 
Western Coalfields physiographic province in Crittenden County, Kentucky. The 
primary vegetation at this site was grass/herbaceous cover. This pedon formed in 
thick Peoria loess (126 centimeters) overlying Roxana loess (31 cm) and 
sandstone/shale residuum. The bedrock was not visible at this site to a depth of 
205 cm. The fragipan (78 – 205 cm) in this pedon was located within an argillic 
horizon (17 - 205 cm). Fragipan prisms were quite large in this horizon ranging 
from 20 – 30 centimeters in diameter and increasing in size with depth. Fragic 
properties (ie. brittle rupture) extended into the glossic (Bt/E) material overlying 





coatings far outnumbered clay films in the fragipan. There was evidence of 
saturation in the Bt/E above the fragipan beginning at 62 cm. 
2.2.3.5 Grayson (GR-FS) 
Taxonomy: Fine-silty, mixed, semiactive, mesic Oxyaquic Glossudalfs 
Site position: Upland footslope, 4% slopes 
The Grayson pedon is part of the Sadler soil series. It is located in the 
Western Coalfields physiographic province in Grayson County, Kentucky. The 
primary vegetation at this site was grass/herbaceous cover. The Grayson pedon 
formed in 119 centimeters of loess over clayey residuum weathered from clayey 
shale. At this site, the Peoria loess was unable to be discerned from the Roxana 
loess. There was an argillic horizon present from 25 to 212 cm. Paralithic 
bedrock was visible at this site at 230 cm and extended deeper than 255 cm. 
This site was considered an intergrade as it did not contain a true fragipan but 
rather fragic soil properties from a depth of 82 – 119 cm. Prisms within the 
intergrade fragipan were smaller than other pedons, only 7-12 cm in diameter. A 
thin glossic horizon (present from 73 - 82 cm) was observed above the fragipan. 
Clayey shale residuum was interrupted at this site between 212 and 230 cm by 
an organic layer seemingly from a large forest fire sometime in the distant past. 
This pedon was moderately well drained and silt coats and clay films were found 
in similar proportions within the fragipan. Evidence of saturation was found in the 
Bt/E above the fragipan beginning at 73 cm. Mottles were also observed in the 






2.2.3.6 McLean (McL-SH) 
Taxonomy: Fine-silty, mixed, active, mesic Oxyaquic Fragiudalfs 
Site Position: Upland Shoulder, 6% slopes 
The McLean pedon is part of the Hosmer soil series. It is located on a 
heavily eroded backslope in the Western Coalfields physiographic province in 
McLean County, Kentucky. The primary vegetation at this site was 
grass/herbaceous cover. This pedon formed in thick Peoria loess (116 
centimeters) over Roxana loess (26 cm) overlying fine-loamy sandstone/shale 
residuum. Bedrock was not visible at this site to 204 centimeters. The fragipan 
began at 57 cm and formed within an argillic horizon (16 – 204 cm). The prisms 
in this pedon were the largest observed and ranged from 37 – 48 cm in diameter. 
The diameter of the prisms in this pedon tended to increase with depth. Fragic 
structure (very coarse prismatic) was observed in the glossic (Bt/E) horizon 
overlying the fragipan. This pedon was moderately well drained and exhibited far 
greater proportions of silt coatings than clay films in the fragipan. Evidence of 
saturation was found in the Bt/E above the pan beginning at 42 cm. 
2.2.3.7 Trigg (TR-SU) 
Taxonomy: Fine-silty, mixed, active, mesic Aquic Fragiudalfs 
Site Position: Upland Summit, 2% slopes 
The Trigg pedon is part of the Bedford soil series, though it is mapped as 
Nicholson. It is located in the Western Pennyroyal physiographic province in 
Trigg County, Kentucky. The primary vegetation at this site was 





over Roxana loess (21 cm) overlying residuum from cherty limestone. Bedrock 
was not visible at this site to a depth of 203 cm. The fragipan began at 43 cm and 
formed within an argillic horizon (16 – 203 cm). Fragipan prisms in this pedon 
were consistently 20 cm in diameter. Fragic structure (moderate prismatic) was 
observed in the argillic (3Bt1) underlying the fragipan. This site was moderately 
well drained and clay films were more common than silt coatings within the 
fragipan. Evidence of saturation was found in the Bt2 overlying the fragipan 
beginning at 27 cm.  
2.2.3.8 Caldwell (CA-SU) 
Taxonomy: Fine-silty, mixed, semiactive, mesic Oxyaquic Fraglossudalfs 
Site position: Upland Summit, 4% slopes 
The Caldwell pedon is part of the Zanesville soil series, though it is 
mapped as Sadler. It is located in the Western Pennyroyal physiographic 
province in Caldwell County, Kentucky. The primary vegetation at this site was 
grass/herbaceous cover. This pedon formed in loess overlying fine-loamy 
sandstone/shale residuum. At this site, Roxana and Peoria loess could not be 
distinguished from one another. Bedrock was visible at this site at 176 
centimeters. The fragipan began at 63 cm and formed within an argillic horizon 
(21 – 176 cm). Fragipan prisms in this pedon ranged from 16 – 22 cm in 
diameter. Prism diameter increased with depth before decreasing again in the 
deepest fragipan horizon (3Btx3). This site was moderately well drained, though 
there was evidence of saturation in the Bt/E overlying the fragipan beginning at 





2.2.1.2 Development assessment and sequence 
We assessed the field morphology of the selected pedons to arrange them 
in a sequence based on degree of fragipan morphological expression (Table 
2.2). To do this, we considered criteria based on the NRCS description of a 
fragipan: 1) thickness of the fragipan, 2) structure size and shape, 3) moist 
consistence and 4) prism diameter (i.e., distance between crack or seam units). 
We also considered other fragipan features attributed to fragipan development: 
1) underlying/overlying fragic properties in horizons bordering the fragipan 
horizon (ex. very coarse prismatic structure but no brittleness, brittleness in less 
than 60% of the horizon matrix), 2) the number of parent materials with fragic 
properties/horizons and 3) thickness of overlying glossic horizon (if present).  
According to these criteria, the selected pedons ranked most to least 
developed are as follows: 1) Crittenden, 2) McLean, 3) Caldwell, 4) New 
Breckenridge, 5) Old Breckenridge, 6) Christian, 7) Trigg, 8) Grayson.  
2.2.4 Lab Methods 
Several procedures were performed to characterize the physical 
properties of the samples. To determine the color of each sample, a Konica 
Minolta Chroma Meter CR400 was used to measure the hue, value, and chroma 
in both moist and dry states. The average hue, value, and chroma was 
determined from four replicate measurements. The Munsell color of each horizon 









Where H is the number preceding YR in the Munsell hue, C is the chroma, and V 
is the value (Torrent et al., 1983). Higher redness ratings indicate soil colors 
closer to “pure red” while negative redness ratings indicate soil colors that are 
closer to “pure yellow”. The particle size distribution of each sample was 
analyzed by the Natural Resource Conservation Service (NRCS) Region 6 
Owensboro office using the hydrometer method. 
Chemical properties of the soil samples were also tested in the lab. 
Electrical conductivity (EC) and pH were determined using a Denver Instruments 
Model 250 pH-EC-ISI meter using a 1:2 soil to water ratio. The pH of each 
sample was also determined in a 1:2 soil to 1 M KCl ratio and a 1:4 0.01 M CaCl2 
ratio to determine exchangeable acidity. Gravimetric water content was 
determined by heating samples of known mass to 105°C overnight. An 
approximation for organic matter content was then measured using the loss on 
ignition method by heating samples in a muffle furnace to 550°C for 3.5 hours. 
Total carbon and total nitrogen were determined by University of Kentucky 
Regulatory Services using dry combustion and a LECO elemental analyzer 




Table 2.2. Pedons arranged from most developed (1) to least developed (8) with determinant development 
factors. Average prism size, structure, moist consistence, glossic horizon thickness, fragipan thickness, 





2.2.5 Chemical Extractions 
 Three different chemical extractions (sodium pyrophosphate, sodium 
citrate dithionite, and ammonium oxalate) were used to isolate different forms of 
silica, iron, manganese, and aluminum. Values are expressed on an oven-dried 
weight basis. Individual extractions are discussed in the following sections. 
2.2.5.1 Sodium Pyrophosphate 
 Sodium pyrophosphate (“pyrophosphate”) has been used to examine iron 
and aluminum content in many studies (e.g., Jarvis, 1986; McKeague, 1967; 
McKeague et al., 1971). Pyrophosphate has largely been used in the past to 
isolate humic acids and organically bound iron and aluminum species 
(McKeague, 1967; Shang & Zelazny, 2008). There is also evidence that 
pyrophosphate extractions remove poorly crystalline and amorphous forms of Fe 
and Al, especially when associated with organic coatings (Shang & Zelazny, 
2008). The exact nature of the silica pool extracted by pyrophosphate is not well 
understood, but it likely extracts silica associated with amorphous or poorly 
crystalline iron oxides (Höhn et al., 2008) 
To measure pyrophosphate extractable silica, iron, and aluminum, we 
used a 1:100 air dry soil to 0.1 M sodium pyrophosphate (Na4P2O7) solution ratio 
at pH 10. This solution was shaken overnight (15 hrs) in a 250 mL centrifuge 
bottle (Bascomb, 1968). The solution was then centrifuged and the supernatant 
liquid was collected, digested in concentrated nitric acid (H3NO3) and diluted to 
1:100 concentration prior to analysis with an Agilent Tech 5110 inductively 
coupled plasma-optical emission spectrometer (ICP-OES). All concentrated and 





2.2.5.2 Sodium Citrate Dithionite 
Sodium citrate dithionite (“dithionite”) is an extraction used frequently in 
fragipan studies (Karathanasis, 1987a, 1987b; Matocha et al., 2018; Norton et 
al., 1984; Rhoton et al., 2001; Steinhardt & Franzmeier, 1979; Weisenborn & 
Schaetzl, 2005a, 2005b; Wilson et al., 2010). Dithionite extractions are thought to 
isolate both crystalline and non-crystalline free oxides of iron (Matocha et al., 
2018; McKeague et al., 1971), amorphous aluminosilicates (Dahlgren, 1994), 
crystalline and non-crystalline manganese oxides (Akinbola et al., 2013), and 
amorphous/poorly crystalline silica species (McKeague et al., 1971). 
To measure dithionite extractable silica, manganese, iron and aluminum, 
4:100 air dry soil to 0.3 M sodium citrate solution ratio was prepared in a 250 mL 
centrifuge bottle. Two grams sodium dithionite (Na2S2O4∙2H2O) was added 
before shaking overnight (15 hrs) in a 250 mL centrifuge bottle. The solution was 
then centrifuged and the supernatant liquid was collected, digested in 
concentrated nitric acid, and diluted to 1:100 concentration prior to analysis with 
an Agilent Tech 5110 ICP-OES. All concentrated and diluted dithionite samples 
were refrigerated during storage. 
2.2.5.3 Ammonium Oxalate 
 Ammonium oxalate in darkness (“oxalate”) has been used to selectively 
extract iron and aluminum from amorphous mineral forms (McKeague & Day, 
1966) as well as from poorly crystalline aluminosilicates, oxides, and hydroxides 
of Al, Mn, and Fe (Akinbola et al., 2013; Shang & Zelazny, 2008). Oxalate 
extractions may also remove organically bound iron and aluminum 





any silica extracted comes from dissolution of aluminosilicate material (Dahlgren, 
1994) 
To measure ammonium oxalate extractable silicon, aluminum, 
manganese, and iron, a foil-wrapped centrifuge bottle was filled with a 1:100 air 
dry soil to acid-oxalate solution ratio and shaken in darkness for 4 hours. The 
acid oxalate solution was prepared by combining 0.2 M ammonium oxalate and 
0.2 M oxalic acid. The solution was then centrifuged, the supernatant liquid was 
collected, digested in concentrated nitric acid and diluted to 1:100 concentration 
prior to analysis with an Agilent Tech 5110 ICP-OES. All concentrated and 
diluted oxalate samples were refrigerated and kept in darkness during storage. 
2.2.6 Statistical Analyses 
All analyses were conducted in R (R Core Team, 2020). Plots were 
created using ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2020), and 
Algorithms for Quantitative Pedology (AQP) (Beaudette et al., 2013). Statistical 
analyses were conducted using the base R software and Agricolae: Statistical 







2.3.1 Bulk Density 
 Fragipan horizons had significantly higher bulk densities than non-fragipan 
horizons, a result that was expected based on the definition of a fragipan (Table 
2.3).  
Pedon bulk densities reached a maximum in the fragipan as suggested in 
the literature (Figure 2.3), but our hypothesis that better developed fragipan 
horizons have higher bulk density was not supported (Table 2.4). No statistical 
difference was observed between the bulk densities of each pedon, but in 
ranking the means of each pedon an interesting pattern was observed. The four 
most developed pedons (Crittenden, McLean, Caldwell, and New Breckenridge) 
had the highest bulk densities; however, Grayson, our least developed pedon 
had the absolute highest bulk density even though it did not contain a true 
fragipan.  
  
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 1.14 1.40 1.63 0.13
Fragipan 1.42 1.59 1.71 0.09
Mg * m-3
p = 7 * 10-8             
t = 6.38                   
df = 47.18
Table 2.3. Comparison statistics for fragipan and non-fragipan horizon bulk 







Figure 2.3. Bulk density in each pedon at depth. Bulk density tended to reach a 
maximum in the fragipan (Btx). 
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Table 2.4. Comparison statistics of bulk density in all pedons, arranged from most (Crittenden) to least 





2.3.2 Ammonium oxalate extractions 
 Ammonium oxalate extracted less Fe, Si, Al, and Mn compared to the 
other extractions. The oxalate extractable silica (SiO) was not different between 
pedons, structural units, or fragipan and non-fragipan horizons. Fragipan 
horizons and crack units both had slightly more SiO than their counterparts (Table 
2.5).  
The best developed fragipans (Crittenden, McLean, Caldwell, and New 
Breckenridge) had lower SiO content (0.36 – 0.74 g kg-1) compared to the less 
developed fragipans (Christian, Trigg, and Old Breckenridge) (1.11 – 1.23 g kg-1) 
(Table 2.6). Our hypothesis that better developed fragipans contain greater SiO 
concentrations was not supported. Again, the Grayson pedon was an outlier and 
had an SiO content (0.53 g kg-1) more consistent with better developed fragipans.  
Full oxalate extraction data for each horizon and individual fragipan units 
can be found in appendix V.
Table 2.5. Comparison statistics for oxalate extractable silica in fragipan and 
non-fragipan horizons and individual fragipan units. There was no significant 
difference in SiO between units. 
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Table 2.6. Comparison statistics of oxalate extractable silica (SiO) by pedon. Pedons are arranged from most 
developed (Crittenden) to least developed (Grayson). There was no statistical difference in SiO between 
pedons.
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2.3.3 Pyrophosphate extraction 
Pyrophosphate extracted more Si, Fe, and Al than the oxalate extraction, 
but still extracted less than the dithionite extraction (See Section 2.3.4). There 
was no significant difference in pyrophosphate extractable silica (SiP) between 
fragipan and non-fragipan horizons, but the fragipan still had a slightly higher 
average. Likewise, the fragipan prism and crack were not statistically different, 
but the crack material had slightly higher average SiP concentrations than the 
prism material.  
One pedon, Old Breckenridge, exhibited a statistically higher SiP content 
than any other pedon. SiP was high throughout this pedon in both fragic and non-
fragic material. Large increases in SiP at depth correlated with mottling in the soil 
profile beginning at 48 cm., potentially indicating that drainage is impacting SiP at 
this site. Excluding the Old Breckenridge pedon, high SiP content tended to be 
associated with better developed fragipans (Crittenden, McLean, Caldwell, and 
Table 2.7. Comparison statistics of pyrophosphate extractable silica (SiP) 
between fragipan and non-fragipan horizons and fragipan structural units. There 





New Breckenridge) while poorly developed fragipans had lower SiP values 
(Christian, Trigg, Grayson). This supports our hypothesis that greater SiP 
concentrations are associated with better developed fragipans. The highest non-
fragipan SiP contents tended to be found in the Bt/E (glossic) horizon overlying 
the fragipan if one was present. In Crittenden, New Breckenridge, McLean and 
Grayson pedons, the Bt/E SiP values were similar to those found in the underlying 
fragipan (Figure 2.5). 
 Pyrophosphate extractable silica in the prism had a significant, positive 
relationship with both pyrophosphate extractable aluminum and iron, suggesting 
that this extraction dissolved silica associated with iron and aluminum oxides 
(Figure 2.4). 
Figure 2.4. Scatterplots showing the relationship between pyrophosphate 
extractable silica and pyrophosphate extractable aluminum (left) and 






Figure 2.5. Pyrophosphate extractable silica (SiP) by pedon at depth. Strong 
increases in SiP in the Old Breckenridge pedon were associated with mottling 






Pyrophosphate extractable silica also exhibited a positive relationship with 
SiD, indicating that forms of silica extracted by pyrophosphate may also be 
dissolved by citrate dithionite (Figure 2.5).  
Full pyrophosphate extraction data for each horizon and fragipan subunits 
can be found in Appendix VII. 
Figure 2.6. Scatterplot showing the relationship between 
pyrophosphate extractable silica and citrate dithionite extractable silica. 
47 
Table 2.8. Comparison statistics of pyrophosphate extractable silica (SiP) by pedon. Pedons are arranged 
from most developed (Crittenden) to least developed (Grayson). The Old Breckenridge pedon was 





2.3.4 Citrate Dithionite 
 Citrate dithionite extracted the most Si, Al, Fe, and Mn compared to other 
extractions.  
 The dithionite extractable aluminum (AlD) was significantly higher in non-
fragipan horizons than fragipan horizons (Table 2.9). The AlD was also 
significantly higher in the prism unit of the fragipan than the crack unit (Table 
2.9), which confirmed our hypothesis that prisms are more enriched with 
aluminum than crack material.  
 
The 3rd best developed pedon (Caldwell) had the highest AlD in the prism 
unit of the fragipan while the best developed pedon (Crittenden) had the lowest 
prism AlD.(Table 2.10). The amount of AlD present in the prism seemed to be 
related in part to parent material as the Caldwell pedon also had high AlD in its 
non-fragipan horizons and the Crittenden pedon had relatively low AlD 
concentration outside of the fragipan (Figure 2.7).
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 1.02 2.44 4.24 0.71
Fragipan 1.09 1.79 2.77 0.53
Prism 1.17 1.81 2.88 0.47
Crack 0.63 1.33 2.37 0.53
g kg-1
p = 3 * 10-4                 
t = -3.90                 
df = 43.10
p = 0.01                   
t = 2.65                   
df = 27.65
Dithionite Extractable Aluminum (AlD) by Unit
Table 2.9. Comparison statistics of dithionite extractable aluminum (AlD) 
between fragipan and non-fragipan horizons and fragipan structural units. There 
was significantly more AlD in non-fragic horizons and prism structural units within 
the fragipan. 
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Table 2.10. Comparison statistics of dithionite extractable aluminum (AlD) in the prism by pedon. Pedons are arranged 
from most developed (Crittenden) to least developed (Grayson). The Caldwell and Crittenden pedons were statistically 






Our two least-developed pans with prism/crack sampling (Old 
Breckenridge and Christian) had similarly high levels of AlD in the fragipan 
whereas our better developed fragipans (Crittenden, McLean, and New 
Breckenridge) all exhibited lower AlD concentrations, which does not support our 
hypothesis. The AlD concentration was also found to have an inverse relationship 
with bulk density in the fragipan (Figure 2.8) and prism size (Figure 2.9), 
potentially indicating that AlD is not involved or less important for fragipan 
development. 
Similar to AlD, dithionite extractable iron (FeD) concentrations were highest 
outside of the fragipan and within the prism subunit of the fragipan (Table 2.12). 
This confirms our hypothesis that the prism is more enriched with regard to iron 
than the crack. 





Discerning a trend in prism FeD regarding development was difficult as 
there was not a clear pattern. The highest prism FeD values were found in the 
Old Breckenridge pedon and were likely linked to the redoximorphic features 
present throughout the pedon. This trend was also identified in the 
pyrophosphate iron extractions. The lowest prism FeD values were in the 
Crittenden pedon, which did not support our hypothesis that better developed 
pans have higher FeD content.  
Figure 2.8. A scatterplot showing the relationship between bulk density and 
dithionite aluminum in the fragipan. The AlD has a significant negative 






Figure 2.9. A scatterplot showing the relationship between fragipan prism 
diameter and prism dithionite aluminum. Prism AlD has a negative relationship 






Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 6.46 20.68 50.99 8.92
Fragipan 6.60 15.55 24.81 4.39
Prism 5.87 15.41 22.37 3.76
Crack 4.63 10.40 16.51 3.71
g kg-1
p = 5 * 10-3               
t = -2.93                 
df = 55.44
p = 1 * 10-3                   
t = 3.68                    
df = 27.99
Dithionite Extractable Iron (FeD) by Unit
Table 2.12. Comparison statistics of dithionite extractable iron (FeD) between 
fragipan and non-fragipan horizons and fragipan structural units. There was 
significantly more FeD in non-fragipan horizons and prism structural units. 
Table 2.11. Comparison statistics of dithionite extractable iron (FeD) between 
pedons. Pedons are arranged from most developed (Crittenden) to least 






While no extraction method extracted substantial quantities of Mn, the 
dithionite extraction yielded the most manganese. Manganese tended to be low 
throughout each pedon and decreased with depth (Figure 2.10). There was 
slightly more dithionite extractable manganese (MnD) present in non-fragipan 
horizons than fragipan horizons (Table 2.13). Within the fragipan, there was 
significantly more MnD present in the prism material than the crack material, 
supporting our hypothesis that the prism material is more enriched with 
manganese than the crack.  
Figure 2.10. Dithionite extractable manganese concentration in each pedon at 





Though there was not a statistical difference in prism MnD content 
between pedons, better developed fragipans tended to have higher MnD contents 
in the prism (Table 2.14). The two most developed pedons (Crittenden and 
Figure 2.11. A scatterplot showing the relationship between fragipan bulk density 
and dithionite extractable manganese (MnD). MnD has a positive relationship with 
bulk density (not statistically significant). 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 0.05 0.40 1.60 0.33
Fragipan 0.05 0.30 0.85 0.20
Prism 0.05 0.41 0.96 0.25
Crack 0 0.08 0.18 0.06
g kg-1
p = 0.16                   
t = -1.42                  
df = 52.02
p = 1 * 10-4                   
t = 5.03                   
df = 15.40
Dithionite Extractable Manganese (MnD) by Unit
Table 2.13. Comparison statistics of dithionite extractable manganese (MnD) 
between fragipan and non-fragipan horizons and fragipan structural units. There 





McLean) also had the highest MnD contents while the most poorly developed 
fragipan with crack and prism components (Christian) had the lowest MnD content 
in the fragipan. Further, MnD was found to positively correlate with bulk density 
(Figure 2.11) and prism size (Figure 2.12).  
Dithionite extractable silica (SiD) has often been implicated in fragipan 
development processes as a potential binding material and as such is frequently 
utilized in fragipan studies. Here, the dithionite extraction extracted higher 
quantities of silica more consistently across all pedons than other extractions 
(i.e., no high value outliers such as the pyrophosphate extractable silica content 
in the Old Breckenridge pedon). SiD tended to be low in the Ap horizon and 
increased with depth, reaching a maximum in the fragipan (Figure 2.14). 
Figure 2.12. A scatterplot showing the relationship between fragipan prism 
diameter and prism dithionite extractable manganese (MnD). Prism MnD has a 





Outside of the fragipan, the horizons that presented the highest SiD 
contents were typically in Bt/E horizons (regardless of brittle nature) or in the 
underlying paleosol (Figure 2.13). In the Crittenden pedon the overlying brittle 
Bt/E had similar concentrations of SiD to the underlying fragipan. Caldwell’s Bt/E 
horizon exhibited similar SiD concentrations as the fragipan despite a lack of 
fragic properties in the horizon. In McLean, New Breckenridge, and Old 
Breckenridge pedons, the highest non-fragipan SiD concentration was in the 
underlying 3Bt horizon. In Grayson and Trigg pedons, the underlying second 






Figure 2.13. SiD content in each pedon with depth. Genetic horizon is noted at 
the horizon's midpoint. Pedons are arranged from most developed (Crittenden) 
to least developed (Grayson). 
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Table 2.14. Comparison statistics of dithionite extractable manganese (MnD) between pedons. Pedons are 
arranged from most developed (Crittenden) to least developed (Grayson). Differences in MnD between 





 Grayson and Trigg were the only pedons that did not exhibit a strong SiD 
maximum in the fragipan. In the Grayson pedon, SiD peaked in the horizon 
directly below the pan before decreasing abruptly. In the Trigg pedon, SiD 
remained low throughout the pedon and did not increase in the fragipan relative 
to surrounding horizons. Similar to Grayson, SiD in the Trigg pedon peaked in the 
horizon directly beneath the fragipan before decreasing abruptly. 
Figure 2.14. Dithionite extractable silica (SiD) by pedon at depth. SiD tended to 





Dithionite extractable silica (SiD) content was significantly higher in 
fragipan horizons than non-fragipan horizons, a result we expected based on 
past fragipan studies (Harlan et al., 1977b; Karathanasis, 1987a, 1987b; Marsan 
& Torrent, 1989). Surprisingly, however, there was also significantly higher SiD 
concentrations in the fragipan cracks compared to the prisms. This trend was 
unexpected but was observed in every pedon, which did not support our 
hypothesis that higher SiD accumulation occurs in the prism subunit compared to 
the crack material. 
 
 SiD content of the fragipan was significantly different between pedons 
(Table 2.16). The highest silica concentrations were in the Old Breckenridge 
pedon, similar to results seen in the pyrophosphate extraction. The Caldwell 
pedon (our 3rd most developed pedon) had the second highest SiD content and 
was statistically similar to the Old Breckenridge pedon. More developed pedons 
Table 2.15. Comparison statistics of dithionite extractable silica (SiD) between 
fragipan and non-fragipan horizons and fragipan structural units. There was 
significantly more SiD in fragipan horizons v. non-fragipan horizons and in crack 
units v. prism units. 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 0.38 1.86 3.99 0.93
Fragipan 1.69 3.30 4.91 0.96
Prism 2.77 3.56 4.22 0.39
Crack 2.18 4.24 5.56 0.96
g kg-1
p = 8 * 10-6             
t = 5.33                   
df = 31.96
p = 0.02                  
t = -2.52           
df = 18.45
Dithionite Extractable Silica (SiD) by Unit
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Crittenden 2.13 2.58 3.59 4.91 1.17 3 ab
McLean 2.20 2.58 2.73 2.82 0.13 5 ab
Caldwell 2.03 3.84 4.25 4.64 0.40 2 a
New 
Breckenridge 1.49 3.21 3.40 3.69 0.28 4 ab
Old 
Breckenridge 2.54 4.28 4.35 4.41 0.09 1 a
Christian 0.80 1.69 1.69 1.69 - 8 b
Trigg 1.91 1.92 2.06 2.19 0.19 7 b
Grayson 1.82 2.67 2.67 2.67 - 6 b
MSE: 0.33 df: 10 CV: 17.31
g kg-1
Dithonite Extractable Silica (SiD) by Pedon
Table 2.16. Comparison statistics of dithionite extractable silica (SiD) between pedons. Pedons are 
arranged from most developed (Crittenden) to least developed (Grayson). Differences in SiD between 





(Crittenden, Caldwell, and New Breckenridge) had higher SiD contents (3.40 – 4.25 
g kg-1), though the McLean pedon displayed SiD contents (2.37 g kg-1) more similar 
to less developed pans (Trigg, Grayson, Christian) (1.69 – 2.67 g kg-1). This 
supports our hypothesis that better developed fragipans have higher SiD contents 
than less developed pans. 
Dithionite extractable silica content exhibited a significant positive 
relationship with bulk density in all horizons, confirming our hypothesis that 
amorphous forms of silica (such as those isolated by SiD) may infill pores, 
causing some of the bulk density increase observed in the fragipan (Figure 2.15). 
Prism diameter, however, did not have a statistically significant relationship with 
prism SiD as we hypothesized, and instead exhibited no relationship with SiD 
(Figure 2.15). This was surprising as SiD tended to increase with fragipan 
morphological development. This indicates that the contributions of silica to 
Figure 2.15. Scatterplots showing the relationship between dithionite silica (SiD) 
and bulk density (left) and prism diameter (right). SiD had a significant positive 
relationship with bulk density, but a diffuse, somewhat negative relationship 





fragipan morphology may be more complex than we hypothesized. While SiD 
contributes to the physical properties of the fragipan, such as bulk density, it may 
not contribute to other morphological properties (e.g., prism size).   
 Contrary to our hypothesis, fragipan SiD did not correlate with FeD or AlD in 
the fragipan. The relationships between SiD and both species were weak and 
insignificant.  
Figure 2.16. Scatterplots showing the relationship between SiD and FeD (left) and 





2.3.5 Dithionite metal ratios 
2.3.5.1 Si : Al 
 The molar dithionite extractable Si:Al ratio was found to be significantly 
higher in fragipan horizons (Table 2.17) than in non-fragipan horizons, a result 
that was expected based on past fragipan studies (Karathanasis, 1987b; Marsan 
& Torrent, 1989; Tremocoldi et al., 1994). We also found that the (Si:Al)D ratio 
was significantly higher in crack material than in prism material, an unexpected 
result that does not support our hypothesis that (Si:Al)D ratios are highest in 
prism material. The statistical difference between (Si:Al)D ratios (p = 7 *10-4) in 
crack and prism units was much higher than the statistical difference between SiD 
alone in crack and prism units  (p = 0.02), indicating that differences between 
these units may be the result of an aluminosilicate phase rather than a pure silica 
phase (Karathanasis, 1987b). 
Table 2.17. Comparison statistics of molar (Si:Al)D between fragipan and non-
fragipan horizons and fragipan structural units. There was a significant 
difference between (Si:Al)D in fragipan and non-fragipan horizons and 
between prism and crack subunits. 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 0.26 0.74 1.70 0.33
Fragipan 0.95 1.90 3.46 0.72
Prism 1.15 2.07 3.68 0.66
Crack 2.05 3.55 6.10 1.28
Ratio
p = 2 * 10-6             
t = - 6.55                 
df = 20.33
p = 7 * 10-4                   
t = -3.99                 
df = 20.85





 Karathanasis (1987b) suggested that the (Si:Al)D of a horizon should be 
1.23 or greater in order for fragic properties to develop. In each of our pedons 
except the most weakly developed (Trigg and Grayson), the (Si:Al)D of the 
fragipan horizon met or exceeded this value (Figure 2.18). In the Crittenden 
pedon, which exhibited fragic brittleness in the Bt/E, the Bt/E exceeded this value 
as well. This was the case in the Caldwell pedon as well, though the Bt/E did not 
exhibit brittleness in the field. The only other non-fragipan horizon to exceed this 
value was the Cr horizon at the bottom of the New Breckenridge pedon. 
The (Si:Al)D ratio of the fragipan was statistically different between pedons 
of different levels of development (Table 2.18). Better developed pedons tended 
to have higher (Si:Al)D ratios in the fragipan, supporting our hypothesis that these 
pedons have greater accumulations of illuvial silica. The (Si:Al)D ratio seemed to 
better accommodate our development sequence than SiD alone, further 
suggesting the presence of an aluminosilicate phase rather than a pure silica 
phase.  
The (Si:Al)D ratio was also found to have a significant positive relationship 
with bulk density in all horizons, confirming our hypothesis and further suggesting 
the presence of an aluminosilicate phase which infills pore space and increases 
bulk density (Figure 2.17). The (Si:Al)D did not have a relationship to prism 
diameter. This again may indicate that the role of silica’s relationship in fragipan 







Figure 2.17. A scatterplot showing the relationship between 
molar dithionite Si:Al and bulk density. The (Si:Al)D had a 
significant positive relationship with bulk density. 
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Table 2.18. Comparison statistics of molar (Si:Al)D between pedons. Pedons are arranged from most developed 
(Crittenden) to least developed (Grayson). Differences in (Si:Al)D between pedons were significant. More developed 






Figure 2.18. Molar (Si:Al)D by pedon at depth. (Si:Al) tended to reach a 
maximum in the fragipan and be highest in the fragipan of better developed 
pedons. The red dotted line at 1.23 is the value suggested by Karathanasis 





2.3.5.2 Si / (Si + Al) 
 The molar dithionite extracted Si / (Si + Al) ratio was significantly higher in 
fragipan horizons than non-fragipan horizons (Table 2.18). This was expected 
based on past fragipan studies (e.g., Norfleet & Karathanasis, 1996; Wilson et 
al., 2010). Within the fragipan, the crack subunit had significantly higher SiD / (Si 
+ Al)D ratios than the prism subunit. This was unexpected and did not support our 
hypothesis that the prism material would have higher silica ratios. 
The SiD / (Si + Al)D ratio in the fragipan was significantly different between 
pedons and tended to be higher in better developed pedons, though McLean 
again had lower SiD / (Si + Al)D values (0.65) than the other well developed 
pedons (0.71 - 0.78) and exhibited values closer to poorly developed pedons 
(0.49 – 0.67). These results support our hypothesis that SiD / (Si + Al)D values 
increase with greater fragipan development. 
Table 2.19. Comparison statistics of molar Si / (Si + Al)D between fragipan and 
non-fragipan horizons and fragipan structural units. There was a significant 
difference between fragipan and non-fragipan horizons as well as crack and 
prism material. 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 0.21 0.41 0.63 0.11
Fragipan 0.49 0.63 0.78 0.09
Prism 0.54 0.66 0.79 0.07
Crack 0.67 0.77 0.86 0.06
g kg-1
p = 1.3 * 10-10          
t = -8.66                  
df = 39.06
p = 1 * 10-4                   
t = -4.52                 
df = 27.76





Norfleet and Karathanasis (1996) found that a 0.55 Si / (Si + Al) value 
correlated with strength in fragic horizons. In every pedon except for Trigg and 
Grayson (the two least developed fragipans) every fragipan met or surpassed 
this value. Glossic horizons in Caldwell and Crittenden pedons also exhibited SiD 
/ (Si + Al)D ratios above 0.55, although only the Crittenden Bt/E had brittleness 
observed in the field. 
Figure 2.19. Dithionite Si / (Si + Al) with depth by pedon. The red dotted line 
denotes the 0.55 value found by Norfleet and Karathanasis (1996) to correlate 
with fragic bulk density. 
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Crittenden 0.50 0.63 0.72 0.78 0.08 1 a
McLean 0.49 0.64 0.65 0.65 0.01 5 ab
Caldwell 0.41 0.57 0.63 0.71 0.07 4 ab
New 
Breckenridge 0.59 0.65 0.70 0.73 0.04 2 a
Old 
Breckenridge 0.45 0.65 0.67 0.69 0.03 3 ab
Christian 0.38 0.6 0.6 0.6 - 8 ab
Trigg 0.39 0.49 0.50 0.51 0.01 6 b
Grayson 0.35 0.49 0.49 0.49 - 7 b
MSE: 0.003 df: 10 CV: 9.07
Ratio
Molar Si / (Si + Al)D by Pedon
Table 2.20. Comparison statistics of molar SiD / (Si + Al)D between pedons. Pedons are arranged from most 
developed (Crittenden) to least developed (Grayson). Differences in SiD / (Si + Al)D between pedons were 





2.3.5.3 Si : Fe 
 Molar dithionite extracted Si:Fe was significantly higher in fragipan 
horizons than non-fragipan horizons, and significantly higher in crack material 
than prism material (Table 2.21). This does not support our hypothesis that prism 
material would have higher (Si:Fe)D values than crack material. High (Si:Fe)D 
values in the fragipan horizon were expected based on previous studies and are 
evidence of the tendency of monomeric silica to form associations at the surface 
of iron oxides.  
 
 Fragipan (Si:Fe)D did not vary significantly between pedons, though our 
poorly developed fragipans (Christian, Trigg, Grayson) had lower (Si:Fe)D values 
than better developed fragipans (Crittenden, Caldwell). McLean exhibited 
(Si:Fe)D values consistent with less developed fragipans (Table 2.22).
Table 2.21. Comparison statistics of molar (Si:Fe)D between fragipan and non-
fragipan horizons and fragipan structural units. There was a significant 
difference between fragipan and non-fragipan horizons and prism and crack 
material. 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 0.09 0.18 0.35 0.07
Fragipan 0.23 0.44 0.65 0.14
Prism 0.27 0.49 0.80 0.13
Crack 0.56 0.93 1.66 0.32
Ratio
p = 2 * 10-7             
t = -7.68                 
df = 20.70
p = 9 * 10-5              
t = -4.99                 
df = 18.48
Molar Si:Fe by Unit
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Crittenden 0.23 0.46 0.58 0.65 0.11 2 a
McLean 0.19 0.38 0.39 0.39 0.01 6 a
Caldwell 0.22 0.37 0.49 0.63 0.13 1 a
New 
Breckenridge 0.16 0.41 0.49 0.55 0.07 3 a
Old 
Breckenridge 0.22 0.47 0.52 0.57 0.07 4 a
Christian 0.17 0.50 0.50 0.50 - 5 a
Trigg 0.16 0.23 0.26 0.30 0.05 7 a
Grayson 0.15 0.23 0.23 0.23 - 8 a
Ratio
Molar Si:Fe by Pedon
Table 2.22. Comparison statistics of dithionite molar (Si:Fe)D between pedons. Pedons are arranged 
from most (Crittenden) to least (Grayson) developed. Differences between pedons were not 





2.3.6 Other properties 
2.3.6.1 pH 
pH did not vary significantly between fragipan horizons and non-fragipan 
horizons, nor did it vary between prism and crack units (Table 2.23). This 
disproved our hypothesis that fragipan horizons would be more acidic than non-
fragipan horizons.  Fragipan acidity seemed to be a function of parent material as 
major pH changes tended to coincide with parent material changes, particularly 
with depth as one moves out of the loess derived horizons and into the paleosol 
beneath it (Appendix III).  
pH did not significantly vary between pedons, though the best developed 
fragipans tended to have a slightly higher pH than poorly developed fragipans 
(Table 2.24). Crittenden (the most developed pedon) had the highest pH while 
Grayson (the least developed pedon) had the second lowest pH. The Trigg 
pedon, which does not contain a fragipan but rather fragic properties, exhibited 
relatively high pH due to its limestone parent material. 
Unit Min. Avg. Max SD Comparison Statistic
Welch's T-Test
Non-fragipan 4.32 5.43 6.79 0.63
Fragipan 4.38 5.33 6.97 0.77
Prism 4.59 5.24 6.20 0.46
Crack 4.67 5.26 6.16 0.44
pH
p = 0.67                    
t = -0.45                 
df = 25.34
p = 0.93                   
t = -0.09          
df = 26.97
pH by Unit
Table 2.23. Comparison statistics of pH (1:1 water) between fragipan and non-
fragipan horizons and fragipan structural units. There was not a significant 
difference between horizon type or structural unit. 
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Crittenden 5.33 4.71 6.18 6.97 1.28 1 a
McLean 5.38 5.51 5.56 5.61 0.07 2 a
Caldwell 5.39 5.09 5.11 6.79 0.05 5 a
New 
Breckenridge 5.25 4.82 5.52 6.30 0.74 3 a
Old 
Breckenridge 5.85 4.56 4.78 4.99 0.30 6 a
Christian 5.31 4.38 4.38 4.38 - 8 a
Trigg 5.94 4.93 5.31 5.69 0.54 4 a
Grayson 5.05 4.56 4.56 4.56 - 7 a
MSE: 0.53 df: 9 CV: 13.63
pH (1:1 water)
pH by Pedon
Table 2.24. Comparison statistics of pH between pedons. Pedons are arranged from most developed 






Texture data for each horizon can be found in appendix IV. There was 
significantly less clay (p=0.0077) in fragic horizons (x̅=21.1%) than non-fragic 
horizons (x̅=26.0%)(Welch’s Unpaired T-Test, t= 2.76, df= 57.68). Within the 
fragipan, clay percentage ranged from 16% - 29% with a mean of 21%. Both 
above and below the fragipan, clay percentages tended to be relatively low. Non-
fragipan horizons ranged from 15% - 56% clay with a mean of 26%. High clay 
percentages (~40% or more) were commonly found in the lower horizons of the 
pedons and were associated with changes in parent material and C horizon soils. 
Pedons with higher clay contents in the paleosol (such as Trigg, Grayson, and 
Christian) tended to have more poorly developed fragipans. 
Silt tended to be high throughout the entire pedon, though it decreased 
with depth. This was not unexpected as most of the soils studied were silty loess 
over residual soils. There was no significant difference between fragic and non-
fragic horizons in proportions of silt, fine silt, and coarse silt. In fragic horizons, 
silt content ranged from 45 – 71%. In non-fragic horizons, silt content ranged 
from 34 – 76%. Changes in proportions of fine and coarse silt were used to 
differentiate parent material (lithologic discontinuities) in the field and coincided 
with depth breaks related to changes in silt packets or transitions to residual 
soils.   
Sand content ranged from 5 – 44% with a mean of 15%. Because sand-
sized particles are not typically transported long distances by the wind, they are 





rather the residual soil beneath. There was no difference in sand content 
between fragic and non-fragic horizons. 
2.3.6.3 Color 
Color data for each horizon and individual prism and crack samples can 
be found in Appendix II. Average moist prism redness rating (x̅= -0.41) was found 
to be significantly more (p=0.07) than average crack redness rating (x̅= -1.03) 
when calculated across all six pedons with crack and prism data (Welch’s 
Unpaired T-Test, t= -1.95, df= 15.27).  Average dry prism redness (x̅= -0.70) was 
similarly higher than crack redness (x̅= -1.25) (Welch’s Unpaired T-Test, p = 
0.02, t= -2.50, df= 16.7).  The value (brightness) of all moist and dry material was 
similar (x̅ ~0.40) and did not vary significantly between prism, crack, fragic, or 
non-fragic material.  The chroma of the prism and crack material did not vary 
significantly, either, regardless of moist or dry state. Fragipan color did not 
appear to be related to changes in development, but rather parent material 
changes. 
2.4 Discussion 
2.4.1 Potential illuvial silica bridging 
 We hypothesized that better developed fragipans would have greater 
extractable silica content due to increased illuvial Si binding or bridging in the 
fragipan horizons. Our hypotheses were generally confirmed; for example, SiD 
and SiP concentrations were significantly higher in our better developed fragipans 
(Crittenden, McLean, Caldwell, and New Breckenridge) than our less developed 





 Citrate dithionite is thought to isolate amorphous aluminosilicates 
(Dahlgren, 1994) as well as amorphous/poorly crystalline silica species and free 
iron, manganese, and aluminum oxides (Akinbola et al., 2013; McKeague et al., 
1971). SiD was found to have a positive correlation with bulk density, suggesting 
that at least some of the density of the fragipan arises from the accumulation and 
infilling of amorphous or poorly crystalline pedogenic silica as described in 
Karathanasis (1987a, 1987b). 
 SiP concentrations tended to be greatest in better developed fragipans and 
were similar to SiD concentrations. There is evidence that SiP is sourced from the 
same silica pool as SiD. When citrate dithionite extractions dissolve free oxides, 
the silica associated with these oxides enters solution as well (Marsan & Torrent, 
1989; McKeague et al., 1971). This hypothesis was supported by a moderate, 
significant relationships between SiP, AlP, and FeP. 
 Concentrations of ammonium oxalate extractable metals were low across 
all pedons, similar to results found by Norfleet and Karathanasis (1996). 
Ammonium oxalate extractable silica concentration was highest in less 
developed fragipans (Christian, Trigg) and low in our well-developed pans. This 
may indicate that the silica pools in the fragipans of these pedons are dominated 
by a non-binding silica phase, such as short range order (SRO) clays, which are 
isolated by ammonium oxalate extractions (Reyerson, 2012). Clay content in less 
developed pedons was higher than the more developed pedons and may 





 Many studies evaluate the presence of a silica binding phase using the 
molar ratios of silica to aluminum or iron (e.g., Marsan & Torrent, 1989; Norfleet 
& Karathanasis, 1996; Tremocoldi et al., 1994; Wilson et al., 2010). In western 
Kentucky, Norfleet and Karathanasis (1996) found that most fragipan horizons 
had a Si / (Si + Al) molar ratio greater than 0.45 and that better developed “true” 
fragipans had a molar value of 0.55 or greater. They further suggested that a Si / 
(Si + Al) ratio > 0.55 was indicative of an amorphous aluminosilicate binding 
phase. However, a key difference between the present study and Norfleet and 
Karathanasis (1996) is methods used to determine the Si / (Si + Al) ratio. Norfleet 
and Karathanasis (1996) developed this ratio based on a sequential or serial 
extraction utilizing ammonium oxalate, followed by citrate bicarbonate dithionite, 
followed by alternating treatments of HCl and KOH; they used total metal 
concentrations (e.g. summed concentrations for Si across all extractions) to 
calculate the ratio values and the 0.55 value. Here, we only used dithionite 
extractable Si and Al to calculate the ratio, and performed parallel extractions. 
Even noting these differences, we observed fragipan horizons with Si / (Si + Al) > 
0.55. Consistently across the fragipan expression gradient--every “true” fragipan 
(i.e., a fragipan horizon that fully adheres to the Soil Taxonomy definition of a 
fragipan) met or exceeded the 0.55 value. Only our two most poorly developed 
fragipans (Grayson and Trigg) fell between 0.45 and 0.55. The Trigg pedon 
exhibited slightly higher Si / (Si + Al) than Grayson, which was not a true fragipan 





 Even while the determination of the ratio was different between the 
present study and Norfleet and Karathanasis (1996), the consistency of the 0.55 
value and similarity in results between this study and others (e.g, Weisenborn 
and Schaetzl 2005a, b; Wilson et al., 2010) provides support for use of this ratio 
to identify fragipan horizons. Weisenborn and Schaetzl (2005a, b) found similar 
results in a fragipan development gradient in Michigan, with the “protofragipan” 
exhibiting a Si / (Si + Al) molar ratio less than 0.55 and the more developed 
fragipans exhibiting higher values. As such, fragipans with a Si / (Si + Al) molar 
ratio of approximately 0.45 may be diagnostic of an amorphous aluminosilicate 
component, and could be used as a tool for identifying fragipan horizons. 
2.4.2 Comparison Between Fragipan Units 
We hypothesized that the prism component of the fragipan would have 
higher extractable silica content than the crack due to the high resistance of 
fragipan prism units. This was a result found by Marsan and Torrent (1989) in 
their study of fragipans in northwestern Italy. However, all of our extractions 
pointed to the opposite result: extractable silica content was higher in the crack 
material for all three extractions.  
There are several possible explanations for this observation. First, silica 
species in crack material may be more soluble than prism material because of a 
lack of iron and aluminum oxide associations as suggested by Marsan and 
Torrent (1989). Fe and Al oxides play a role in the dissolution of silica species 
because of the tendency for monomeric silica to accumulate at the mineral 
surface of oxides (Sommer et al., 2006) and because chemisorption of silica to 





The presence of Al3+, the most common oxidation state of Al in soils, in particular 
greatly reduces the solubility of silica (Okamoto et al., 1957). Because the crack 
material was found to be depleted with respect to Al, Mn, and Fe, it follows that 
these species/oxides are not present or less abundant in the crack material, 
which limits the formation of metal oxide-silica associations. Further, we found 
that the molar dithionite Si:Fe ratio in the crack was significantly higher than the 
prism, indicating an excess of silica with regard to free iron oxides. In the prism, 
free Fe oxide species are abundant, as evidenced by the low Si:Fe ratio in the 
prism material. Associations of silica with oxide species in the prism may reduce 
the solubility of the silica in the prism compared to the crack, explaining the 
difference between these two units.  
A second explanation for the relative enrichment of crack material with 
regard to silica is frequent and repeated wet/dry cycling. Following cyclical 
wet/dry periods, more silica is released into the soil solution (Rückert, 1992). 
Many fragipans have limited water movement through the prism material, instead 
concentrating most water transport through crack material (Daniels & Fritton, 
1994; Parlange et al., 1989). Over time, illuvial clay accumulation can cause 
blockages in the crack material, resulting in long term saturation as water cannot 
move through the fragipan horizon (Lindbo et al., 1995). Because water moves 
through the crack material more often than the prism material, crack material 
becomes saturated more frequently than prism material, potentially leading to 





2.4.3 Drivers of Fragic Expression 
We identified drivers of fragic expression by observing how much variation 
there was in properties between fragipan endmembers. We hypothesized that 
extractable silica content, silica ratios, prism unit silica ratios, and concentration 
of free oxide species in the fragipan would increase with fragipan development. 
While we observed minor differences in free oxide (MnD, FeD, AlD) content 
between the prism materials in different fragipan pedons, none of the differences 
were statistically significant and some of the patterns (such as FeD content) were 
unclear.  
The most consistent parameter we found to describe fragipan expression 
was the molar dithionite Si:Al ratio. Si:Al was highest in the best expressed pans, 
and all true fragipan horizons exceeded the minimum 1.23 ratio described by 
Karathanasis (1987b).  This result was also described in western Kentucky by 
Norfleet and Karathanasis (1996).This ratio is consistent with a mixture of Al- and 
Si- rich allophanes (Dahlgren, 1994). Allophanes are found in the clay-sized 
fraction of the soil and form through feldspar weathering reactions (Hodder et al., 
1990). Na-feldspar (albite) is a major component of fragipans in western 
Kentucky (Karathanasis, 1987b), and the weathering product of albite is a Si-rich 
allophane phase (Dahlgren, 1994) consistent with Si:Al ratios observed in 
fragipan horizons. This suggests that the presence of a Si- and Al-rich 
amorphous allophane species may be a primary driver in fragipan development. 
The second most consistent parameter we found to describe fragipan 
expression was the molar dithionite Si / (Si + Al) ratio. In every true fragipan 





Karathanasis (1996). The 0.55 ratio is thought to correlate to an amorphous 
aluminosilicate binding phase (such as Si rich allophane) (Duncan & Franzmeier, 
1999; Norfleet & Karathanasis, 1996). Weisenborn and Schaetzl (2005b) also 
found that the Si / (Si + Al) ratio was a good descriptor of fragipan development 
and were able to observe an amorphous mineral phase bridging sand and silt in 
the fragipan. This further suggests that an amorphous mineral phase may be 
partially responsible for fragipan development. 
As bulk density is one of the main physical characteristics of the fragipan 
noted in agronomic problems related to the feature, we expected there to be a 
strong link between bulk density and fragipan development. However, we found 
that there was no statistical difference between pedons and that our least 
developed fragipan, Grayson, had the highest bulk density. There are multiple 
reasons that higher degrees of morphological development may not indicate a 
high fragipan density. Lindbo et al. (1994) found that fragipan bulk densities are 
not consistently high in all fragic pedons and may be a consequence of lithology. 
Because of this, they suggested that bulk density not be used as a diagnostic in 
determining the presence of a fragipan horizon.  
Fragipan bulk density may also be a result of infilling of micropores with 
illuvial silica (Karathanasis, 1987b). As pores fill, there may be a point at which a 
maximum is reached and all possible pore spaces has been coated with 
amorphous silica species. This may also be related to lithology as some parent 
materials (e.g., loess) have higher volumes of fillable pore space than others 





 Bulk density may also be the product of some initial process unrelated to 
fragipan formation, as suggested in the Bryant hydroconsolidation theory 
(Assallay et al., 1998; Bryant, 1989; Smalley et al., 2016). If the structural 
collapse of loess was first in a sequence of events leading to fragipan genesis, it 







Chapter 3 . Conclusions 
3.1 Summary & Conclusions 
 We studied the development of fragipan horizons in western Kentucky by 
examining eight fragic pedons of varying degrees of morphological development 
and comparing their chemical and physical properties. We used the field 
description of the pedons to determine their placement within a development 
sequence. The criteria for the development sequence was based on 
morphological properties of the fragipan observable in the field: 1) thickness of 
the fragipan, 2) structure of the fragipan and size of prisms, 3) thickness of 
overlying glossic (if present), 4) underlying/overlying fragic properties outside of 
the fragipan, 5) the number of parent materials with fragic properties/horizons, 
and 6) moist consistence. 
 Once we developed our fragipan expression sequence, we looked at 
physical and chemical properties of the fragipan and compared each pedon to 
the others in the sequence.  We also observed differences in prism and crack 
units within the fragipan, which has not been studied extensively in western 
Kentucky. 
 We found that fragipan prism material was enriched with regard to metallic 
free oxides (Al, Fe, Mn)D while the crack material was depleted in free oxides but 
enriched with regard to soluble silica species (SiD). This may be because silica 
forms associations with free oxides (when present), rendering it much less 
soluble. The crack material has much more silica than iron (as evidenced by a 
high Si:Fe), indicating a lack of iron-silica associations within the unit. Free 





silica-iron associations and decreasing Si solubility in the fragipan.  It is possible 
that the prism is more “cemented” with regard to amorphous silica species (as 
evidenced by increased rupture resistance and brittle quality when compared to 
crack material), and associations between silica and aluminum and/or iron 
species prevent dissolution with the extractions used here. 
 Dithionite fragipan silica ratios followed the development sequence most 
closely. A Si / Al ratio of 1.23 as determined by Karathanasis (1987a, 1987b) was 
the best determinant for fragic properties in horizons. All of our well-developed 
fragipans fell well beyond this value with our best-developed horizons having the 
highest Si/Al values. A Si / (Si + Al) value greater than 0.45 was also a good 
determinant for fragic properties in horizons. Each of our fragipan horizons again 
surpassed that value as did those with just fragic properties (e.g., the Bt/E in the 
Crittenden horizon.).  
 Bulk density, pH, texture, and color were not different across the 
developmental gradient. The most surprising of these was bulk density, as high 
bulk density is a hallmark of most fragipan descriptions. This may have been 
because the bulk density in the fragipan has a maximum range due to the infilling 
of pore space by illuvial silica or because the bulk density of the pan is not 
pedogenic in nature and instead is a consequence of lithology, as suggested in 
Lindbo et al. (1994). 
 Further fragipan research is needed to determine the sequence of 
processes that leads to the formation of the brittle, dense, and unique fragipan. 





understand how fragipan expression progresses with time, as morphological 
changes in soils are influenced by a host of variables and “developmental age” is 
different from time since deposition. This would be helpful because the variable 
nature of fragipan expression leads to problems with the identification of 
developmental progress. Future fragipan research may also focus on 
determining a method to selectively dissolve fragipan cementing agents (if 
present) to better isolate them for analysis. As it stands, it is likely that there is 
some silica pool within the fragipan that is largely insoluble due to associations 
with free oxides. 
 We examined the changes in fragipan morphology and chemical and 
physical properties to better understand possible fragipan genesis processes. 
Using expert knowledge from the region, we sampled fragipan pedons with a 
range of fragic characteristics. Our work suggests the presence of a silica binding 
agent that semi-cement fragipan horizons, as has been previously reported by 
numerous past researchers. Further, silica:aluminum molar ratios are likely 
diagnostic for identifying fragipan horizons (i.e., Si/(Si + Al) > 0.55; Si/Al > 1.23), 
these ratios may be a powerful tool for delineating “true” fragipans from horizons 
with “fragic” qualities. Similar studies that systematically sample and quantify 
changes in fragipan properties along gradients of fragipan expression may prove 
to be a useful approach for finally developing a complete understanding of 
fragipan genesis. 
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Appendix I. Morphology Data 
Pedon Series Horizon Sample Type Top Bottom Midpoint
Bulk 
Density Size Shape Grade LOI% Pedon Series Horizon
Sample 
Type Top Bottom Midpoint
Bulk 
Density Size Shape Grade LOI%
kg/m^3 kg/m^3
McL-SH Hosmer Ap B 0 16 8 1157.7 tn-f pl-gr 2 5.02 GR-FS Sadler Ap B 0 25 12.5 1148.9 f gr 2 4.67
Bt1 B 16 42 29 1384.9 f-tn sbk-pl 1 2.53 Bt1 B 25 38 31.5 1500.6 m sbk 2 3.42
Bt/E B 42 57 49.5 1370.8 m-f pr-sbk 1 2.38 Bt2 B 38 73 55.5 1542.1 m sbk 2 3.11
Btx1 B 57 96 76.5 1584.4 vco pr 1 2.03 Bt/E B 73 82 77.5 1479.1 m sbk 2 3.06
P 57 96 76.5 - - - - 1.98 Btx B 82 119 100.5 1706.3 co pr 1 2.83
C 57 96 76.5 - - - - 1.54 2Bt1 B 119 163 141 1614.3 co abk 1 3.61
Btx2 B 96 116 106 1663 vco pr 1 1.96 2Bt2 B 163 181 172 1588.8 co-tk abk-pl 1 4.91
P - - - - - - - 2.15 2C B 181 212 196.5 1406.4 - - - 5.43
C - 2.01 NB-SH Sadler Ap B 0 9 4.5 1390.1 f gr 2 6.41
2Btx3 B 116 142 129 1686.9 vco pr 1 2.75 E B 9 20 14.5 1501.3 m sbk 2 2.87
P - - - - - - - 2.69 Bt1 B 20 32 26 1455.4 m sbk 2 2.35
C - - - - - - - - Bt2 B 32 44 38 1484.3 m sbk 1 1.99
3Bt2 B 142 175 158.5 1625.1 m sbk 1 3.22 Bt3 B 44 59 51.5 1479.8 f sbk 1 1.85
3Bt3 B 175 204 189.5 1464.3 m sbk 1 4.65 Bt/E B 59 76 67.5 1627.4 f sbk 1 1.89
CR-SH Hosmer Ap B 0 17 8.5 1288.8 m gr 1 6.22 Btx1 B 76 119 97.5 1523 vco pr 1 2.12
Bt1 B 17 41 29 1371.2 f sbk 2 3.21 P - - - - - - - 2.22
Bt2 B 41 62 51.5 1254.8 m sbk 2 2.59 C - - - - - - - 2.08
Bt/E B 62 78 70 1436.1 m sbk 2 2.04 2Btx2 B 119 144 131.5 1695.6 vco pr 2 1.91
Btx1 B 78 126 97 1556.9 vco pr 1 2.12 P - - - - - - - 1.87
P - - - - - - - 2.17 C - - - - - - - 1.89
C - - - - - - - 2.11 3Btx3 B 144 184 164 1698.9 vco-m pr-pl - 1.74
2Btx2 B 126 157 141.5 1642.2 vco pr 1 1.62 P - - - - - - - 1.68
P - - - - - - - 1.58 C - - - - - - - 1.77
C - - - - - - - 2.45 Cr B 184 203 193.5 - - - - 2.42
3Btx3 B 157 205 181 1714.1 vco pr 1 1.77 OB-SU Zanesville Ap B 0 23 11.5 1337.5 f gr 2 3.75
P - - - - - - - 1.58 Bt1 B 23 48 35.5 1385.7 m sbk 1 2.89
C - - - - - - - 2.25 Bt2 B 48 57 52.5 1233.7 m sbk 2 2.6
CH-SU Zanesville Ap B 0 20 10 1210 vf gr 1 2.99 Btx1 B 57 114 85.5 1478.8 vco-m pr-sbk 2 2.29
Bt1 B 20 37 28.5 1384.9 f sbk 2 - P - - - - - - - 2.17
Bt2 B 37 47 42 1309.3 m sbk 2 2.57 C - - - - - - - 2.4
Bt/E B 47 58 52.5 1259.3 m sbk 2 2.58 2Btx2 B 114 145 129.5 1542.9 vco-co pr-sbk 1 2.25
Btx1 B 58 92 75 1476.1 vco pr 1 2.17 P - - - - - - - 2.31
P - - - - - - - 1.96 C - - - - - - - 2.26
C - - - - - - - 2.72 3Bt1 B 145 166 155.5 1534.7 m abk 2 3.8
Btx2 B 92 137 114.5 1587.6 vco pr 1 - 3Bt2 B 166 182 174 1518.4 m abk 3 3.77
P - - - - - - - - 3Bt3 B 182 220 201 1506.5 m abk 3 3.48
C - - - - - - - - CA-SU Zanesville Ap B 0 21 10.5 1200.8 f gr 2 3.88
2Bt B 137 167 152 1359.7 m-f sbk-pr 1 - Bt B 21 49 35 1439.3 f sbk 2 2.09
2Cr B 167 210 188.5 1365.7 - - - - Bt/E B 49 63 56 1441.8 m sbk 2 1.81
TR-SU Bedford Ap B 0 16 8 1138 vf gr 1 5.7 Btx1 B 63 84 73.5 1470.7 vco pr 1 2.01
Bt1 B 16 27 21.5 1267.1 tk-m pl-abk 2 3.74 P - - - - - - - 2.06
Bt2 B 27 43 35 1341.9 m sbk 2 3.05 C - - - - - - - 2.49
Btx1 B 43 81 62 1415.6 vco pr 1 2.45 2Btx2 B 84 128 106 1593.8 vco pr 1 1.74
2Btx2 B 81 102 91.5 1482.1 vco pr 1 2.15 P - - - - - - - 1.57
3Bt1 B 102 140 121 1394.1 m pr 2 3.81 C - - - - - - - 1.32
3Bt2 B 140 203 171.5 1482.1 m pr 3 4.51 3Btx3 B 128 176 152 1593.8 co pr 1 2.33
P - - - - - - - 1.98






Appendix II. Color Data 
Pedon Horizon Hue Value Chroma Value Chroma RR Value Chroma RR Pedon Horizon Hue Value Chroma Value Chroma RR Value Chroma RR
OB-SU Ap 10YR 4 3 0.68 Y 3.78 3.43 -0.61 1.08 Y 5.19 5.77 -1.20 McL-SH Ap 10YR 4 3 9.83 YR 3.56 3.20 0.16 0.58 Y 3.53 3.30 -0.54
Bt1 10YR 5 8 0.63 Y 3.94 3.67 -0.58 1.38 Y 5.58 5.93 -1.46 Bt1 7.5YR 4 6 9.45 YR 4.41 4.10 0.51 0.25 Y 4.31 4.00 -0.23
Bt2 7.5YR 4 6 0.58 Y 4.05 3.63 -0.52 1.18 Y 5.46 6.03 -1.30 Bt/E 7.5YR 5 4 9.60 YR 3.53 3.27 0.37 0.20 Y 3.36 3.10 -0.18
Btx1 7.5YR 5 6 0.53 Y 6.30 6.60 -0.55 0.98 Y 5.34 5.77 -1.05 Btx1 7.5YR 5 4 9.10 YR 4.26 3.97 0.84 9.78 YR 4.14 3.80 0.21
Crack - - - 0.78 Y 6.39 6.77 -0.82 1.08 Y 5.53 5.80 -1.13 Btx2 7.5YR 4 4 9.28 YR 3.36 3.17 0.68 9.80 YR 3.35 3.03 0.18
Prism - - - 0.43 Y 3.95 3.70 -0.40 0.85 Y 3.39 3.07 -0.77 Crack - - - 1.03 Y 4.19 3.83 -0.94 1.15 Y 3.90 3.50 -1.03
2Btx2 10YR 4 4 1.33 Y 6.19 6.47 -1.38 1.60 Y 5.29 5.60 -1.69 2Btx3 7.5YR 4 6 8.10 YR 3.38 3.13 1.76 8.95 YR 3.34 3.03 0.95
Crack - - - 1.53 Y 6.21 6.63 -1.64 1.65 Y 5.33 5.63 -1.75 Prism - - - 8.08 YR 3.98 3.70 1.79 9.05 YR 4.06 3.73 0.87
Prism - - - 1.30 Y 6.30 6.60 -1.36 1.65 Y 5.58 5.90 -1.75 3Bt2 7.5YR 6 6 8.55 YR 3.18 2.97 1.35 9.18 YR 3.41 3.13 0.76
3Bt1 10YR 5 6 1.08 Y 6.54 6.87 -1.13 1.63 Y 5.64 5.93 -1.71 3Bt3 7.5YR 5 6 8.83 YR 4.13 3.87 1.10 9.63 YR 4.13 3.80 0.35
3Bt2 10YR 5 6 1.18 Y 3.19 2.90 -1.07 1.98 Y 2.23 2.03 -1.80
3Bt3 10YR 5 6 1.55 Y 4.11 3.73 -1.41 1.98 Y 5.74 6.10 -2.10 CR-SH Ap 10YR 5 3 0.23 Y 4.26 3.87 -0.20 0.70 Y 3.68 3.33 -0.63
Bt1 10YR 4 6 9.60 YR 3.34 3.13 0.38 0.43 Y 3.41 3.10 -0.39
NB-SH Ap 10YR 4 3 0.53 Y 3.36 3.03 -0.47 0.98 Y 3.36 3.07 -0.89 Bt2 10YR 5 6 9.93 YR 4.10 3.83 0.07 0.60 Y 4.06 3.73 -0.55
E 10YR 5 4 0.53 Y 4.10 3.77 -0.48 0.75 Y 4.21 3.90 -0.69 Bt/E 7.5YR 4 4 0.28 Y 4.21 3.83 -0.25 0.75 Y 5.76 6.30 -0.82
Bt1 10YR 5 6 0.95 Y 3.49 3.33 -0.91 1.45 Y 3.48 3.23 -1.35 Btx1 7.5YR 4 4 9.95 YR 4.05 3.73 0.05 0.45 Y 3.36 3.00 -0.40
Bt2 10YR 5 3 0.98 Y 4.24 3.87 -0.89 1.45 Y 4.15 3.83 -1.34 Prism - - - 9.83 YR 3.71 3.27 0.15 0.13 Y 5.78 6.13 -0.13
Bt3 10YR 5 3 0.98 Y 3.38 3.10 -0.90 1.40 Y 3.44 3.17 -1.29 Crack - - - 0.30 Y 3.98 3.50 -0.26 0.55 Y 5.78 6.13 -0.58
Bt/E 10YR 5 3 0.83 Y 3.88 3.70 -0.79 1.15 Y 3.93 3.73 -1.09 2Btx2 7.5YR 4 4 9.73 YR 3.78 3.50 0.25 0.13 Y 3.18 2.63 -0.10
Btx1 10YR 4 4 1.05 Y 3.46 3.10 -0.94 1.28 Y 3.46 3.13 -1.15 Prism - - - 9.70 YR 3.78 3.33 0.26 0.15 Y 5.48 6.00 -0.16
Crack - - - 1.05 Y 4.10 3.83 -0.98 1.38 Y 4.38 4.00 -1.26 Crack - - - 0.68 Y 3.60 3.17 -0.59 0.65 Y 5.44 6.00 -0.72
Prism - - - 0.63 Y 3.45 3.23 -0.59 1.10 Y 3.59 3.23 -0.99 3Btx3 7.5YR 5 6 0.23 Y 3.63 3.33 -0.21 0.55 Y 3.01 2.80 -0.51
2Btx2 7.5YR 5 6 0.85 Y 4.16 3.93 -0.80 1.20 Y 4.19 3.93 -1.13 Prism - - - 2.58 Y 3.95 3.60 -2.35 0.38 Y 3.25 2.87 -0.33
Crack - - - 1.58 Y 3.20 3.07 -1.51 1.63 Y 3.34 3.17 -1.54 Crack - - - 0.50 Y 3.80 3.50 -0.46 0.58 Y 3.23 6.10 -1.09
Prism - - - 0.60 Y 3.74 3.47 -0.56 1.05 Y 3.88 3.67 -0.99
3Btx3 7.5YR 5 6 0.83 Y 3.36 3.00 -0.74 1.25 Y 3.54 3.07 -1.08 CH-SU Ap 10YR 4 3 10.00 YR 3.74 3.40 0.00 0.40 Y 3.10 2.67 -0.34
Crack - - - 1.55 Y 4.09 3.87 -1.47 1.43 Y 4.28 3.90 -1.30 Bt1 7.5YR 5 6 9.75 YR 3.44 3.23 0.24 0.48 Y 5.21 5.80 -0.53
Prism - - - 0.95 Y 3.63 3.17 -0.83 1.18 Y 3.54 3.17 -1.05 Bt2 10YR 5 6 0.73 Y 3.90 3.47 -0.64 1.25 Y 5.63 6.13 -1.36
Cr - - - 1.05 Y 4.19 3.97 -0.99 1.50 Y 4.23 3.83 -1.36 Bt/E 10YR 5 4 0.93 Y 4.20 3.80 -0.84 1.38 Y 3.45 2.03 -0.81
Btx1 7.5YR 5 6 1.00 Y 4.05 3.80 -0.94 1.48 Y 3.38 3.07 -1.34
GR-FS Ap 10YR 4 3 0.65 Y 3.33 3.10 -0.61 1.03 Y 2.45 2.37 -0.99 Prism - - - 1.03 Y 4.09 3.77 -0.94 1.60 Y 3.46 3.13 -1.45
Bt1 10YR 4 4 9.85 YR 3.81 3.50 0.14 0.78 Y 5.25 5.80 -0.86 Crack - - - 1.13 Y 4.20 3.90 -1.04 1.38 Y 3.60 3.37 -1.29
Bt2 10YR 5 6 0.78 Y 4.30 3.97 -0.71 1.50 Y 3.33 3.10 -1.40 Btx2 7.5YR 5 6 - - - - - - - - - - -
Bt/E 10YR 5 4 1.18 Y 4.29 3.93 -1.08 1.70 Y 3.29 3.03 -1.57 Crack - - - 1.58 Y 3.93 3.63 -1.46 1.85 Y 3.16 2.93 -1.72
Btx 10YR 5 4 1.38 Y 4.36 4.03 -1.27 1.80 Y 3.64 3.20 -1.58
2Bt1 2.5Y-7.5YR 6 8 1.35 Y 4.44 4.10 -1.25 1.75 Y 3.59 3.43 -1.67 TR-SU Ap 10YR 4 3 0.13 Y 3.39 3.10 -0.11 0.78 Y 2.40 2.17 -0.70
2Bt2 7.5YR 5 4 1.77 Y 4.43 4.10 -1.64 2.18 Y 3.93 2.90 -1.61 Bt1 7.5YR 4 6 9.48 YR 3.90 3.50 0.47 0.38 Y 5.20 5.83 -0.42
2C 5Y 6 1 0.93 Y 3.96 3.63 -0.85 1.03 Y 3.24 2.90 -0.92 Bt2 10YR 5 6 9.63 YR 4.01 3.57 0.33 0.33 Y 5.40 6.07 -0.37
Btx1 10YR 5 4 9.48 YR 3.81 3.37 0.46 0.23 Y 5.28 5.80 -0.25
CA-SU Ap 10YR 4 3 0.43 Y 3.35 3.13 -0.40 1.08 Y 2.54 2.10 -0.89 2Btx2 7.5YR 4 4 8.43 YR 6.33 6.67 1.66 9.38 YR 5.30 5.67 0.67
Bt 7.5YR 4 6 0.88 Y 4.13 3.87 -0.82 1.60 Y 3.18 2.93 -1.48 3Bt1 5YR 4 4 6.50 YR 5.84 6.07 3.64 7.65 YR 4.84 5.07 2.46
Bt/E 10YR 5 4 1.13 Y 4.10 3.70 -1.02 1.55 Y 3.21 3.00 -1.45 3Bt2 5YR 4 6 5.58 YR 5.41 5.90 4.82 7.00 YR 4.51 4.67 3.10
Btx1 7.5YR 5 4 0.45 Y 3.91 3.53 -0.41 0.90 Y 3.04 2.77 -0.82
Prism - - - 0.43 Y 3.93 3.60 -0.39 0.93 Y 3.10 2.90 -0.87
Crack - - - 1.05 Y 4.11 3.83 -0.98 1.53 Y 3.19 2.97 -1.42
2Btx2 7.5YR 5 6 0.63 Y 4.06 3.73 -0.57 1.18 Y 3.06 2.93 -1.13
Prism - - - 0.18 Y 3.83 3.47 -0.16 0.93 Y 3.06 2.73 -0.83
Crack - - - 1.45 Y 3.88 3.60 -1.35 1.73 Y 3.20 3.10 -1.67
3Btx3 7.5YR 4 6 0.45 Y 4.16 3.90 -0.42 1.50 Y 3.40 3.17 -1.40
Prism - - - 0.63 Y 4.28 4.00 -0.58 1.53 Y 3.45 3.03 -1.34
Crack - - - 1.40 Y 3.76 3.50 -1.30 1.65 Y 3.25 2.93 -1.49
Field Color Lab Color (Moist) Lab Color (Dry)
Hue Hue
Field Color Lab Color (Moist) Lab Color (Dry)
Hue Hue
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Appendix III. pH and EC 
Pedon Series Horizon Sample Type H2O CaCl2 KCl EC Pedon Series Horizon Sample Type H2O CaCl2 KCl EC
Ms/m Ms/m
McL-SH Hosmer Ap B 5.39 4.79 4.56 34.50 GR-FS Sadler Ap B 5.82 5.18 4.79 67.90
Bt1 B 5.03 4.17 3.61 31.25 Bt1 B 5.96 5.33 5.08 65.00
Bt/E B 4.79 4.10 3.53 37.90 Bt2 B 5.38 4.82 4.11 59.90
Btx1 B - - - - Bt/E B 4.79 4.17 3.70 72.00
P 5.45 4.20 3.38 31.00 Btx B 4.56 3.82 3.40 -
C 5.40 4.08 3.14 23.10 2Bt1 B 4.43 3.77 3.19 -
Btx2 B 5.51 4.24 3.36 23.15 2Bt2 B 4.34 3.72 3.12 -
P 5.54 4.56 3.78 35.50 2C B 4.64 3.92 3.34 189.00
C 5.60 4.14 3.00 20.30 NB-SH Sadler Ap B 6.26 5.87 5.88 248.00
2Btx3 B 5.61 4.56 3.73 25.95 E B 5.95 5.44 4.95 55.30
P 5.54 4.56 3.78 35.50 Bt1 B 5.01 4.61 4.18 56.40
C - - - - Bt2 B 4.88 4.44 3.89 56.00
3Bt2 B 5.70 4.76 4.10 37.75 Bt3 B 4.60 4.04 3.48 64.55
3Bt3 B 6.01 5.23 4.80 48.95 Bt/E B 4.58 3.76 3.21 64.75
CR-SH Hosmer Ap B 6.10 5.78 5.47 136.50 Btx1 B 4.82 3.70 3.07 85.55
Bt1 B 5.73 5.33 4.81 32.50 P 4.74 3.66 2.98 91.70
Bt2 B 5.17 4.24 3.58 35.50 C 5.02 3.72 2.85 56.60
Bt/E B 4.32 4.13 3.29 - 2Btx2 B 5.44 4.12 5.23 62.55
Btx1 B 4.71 4.11 3.03 - P 5.59 4.33 3.46 45.00
P 5.42 3.90 2.92 66.70 C 5.52 4.02 3.00 49.00
C 5.10 3.90 2.88 53.40 3Btx3 B 6.30 4.89 4.37 72.05
2Btx2 B 6.97 4.50 3.50 - P 6.20 5.08 4.63 70.20
P 5.45 4.28 3.25 49.70 C 6.16 5.05 4.45 79.90
C 5.75 4.39 3.50 60.00 Cr B 5.47 5.36 4.88 27.75
3Btx3 B 6.87 4.78 4.06 - OB-SU Sadler Ap B 6.21 5.52 5.51 50.65
P 5.65 4.78 4.03 44.70 Bt1 B 6.10 5.52 5.42 34.75
C 5.74 4.81 4.00 49.50 Bt2 B 5.58 4.82 4.12 42.95
CH-SU Zanesville Ap B 5.47 4.81 4.28 - Btx1 B 4.56 3.86 3.10 54.95
Bt1 B 5.58 4.60 3.94 - P 4.59 3.82 3.16 57.90
Bt2 B 5.44 3.94 3.36 105.00 C 4.74 3.67 3.02 60.70
Bt/E B 4.73 3.86 3.13 111.00 2Btx2 B 4.99 4.13 3.23 34.70
Btx1 B 4.38 3.73 2.98 100.00 P 4.80 3.99 3.17 36.00
P 4.75 4.64 3.00 48.00 C 4.89 4.03 2.99 35.70
C 4.67 3.58 3.06 54.00 3Bt1 B 5.58 4.88 4.72 41.90
Btx2 B - - - - 3Bt2 B 5.85 5.44 4.99 38.15
P - - - - 3Bt3 B 5.75 5.65 5.28 46.60
C - - - - CA-SU Sadler Ap B 5.72 4.79 4.59 32.70
2Bt B - - - - Bt B 5.34 4.28 3.89 31.10
2Cr B - - - - Bt/E B 5.10 3.93 3.45 31.50
TR-SU Nicholson Ap B 6.18 5.60 5.38 230.00 Btx1 B 5.06 3.72 3.17 27.10
Bt1 B 6.79 5.73 5.43 113.00 P 4.92 3.69 3.15 18.00
Bt2 B 6.66 5.71 5.38 87.00 C 4.93 3.63 3.06 16.10
Btx1 B 5.69 5.11 4.35 80.10 2Btx2 B 5.11 3.67 2.96 14.00
2Btx2 B 4.93 4.00 3.25 106.00 P 5.21 3.66 3.01 10.00
3Bt1 B 4.80 4.06 3.47 101.00 C 5.14 3.56 2.77 11.90
3Bt2 B 5.26 4.08 3.52 62.90 3Btx3 B 5.15 3.55 2.87 35.30
P 4.74 3.62 2.88 19.70
C 4.91 3.55 2.70 15.70
pH pH
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Appendix IV. Texture Data












Total Silt Coarse Silt Fine Silt
Total 
Clay
NB-SH Ap 17 8 67 31 37 16 GR-FS Ap 14 7 67 23 44 19
E 15 8 65 31 33 20 Bt1 11 5 62 22 40 27
Bt1 11 6 68 29 38 21 Bt2 11 6 63 20 43 26
Bt2 16 7 63 27 37 21 Bt/E 13 7 64 23 41 23
Bt3 10 6 74 32 41 16 Btx 22 10 56 17 39 22
Bt/E 15 7 70 28 42 15 2Bt 9 5 52 13 39 39
Btx1 16 8 64 24 40 20 2Bt2 10 5 34 3 31 56
2Btx2 25 12 57 24 33 18 McL-SH Ap 9 - 69 27 42 22
3Btx3 22 11 57 25 34 20 Bt 11 - 68 27 41 21
OB-SU Ap 14 7 68 25 43 18 Bt/E 7 - 76 29 47 17
Bt1 14 7 60 23 37 26 Btx1 13 - 71 30 41 16
Bt2 13 6 67 28 39 20 Btx2 15 - 66 29 37 19
Btx1 13 6 68 25 43 19 2Btx3 25 - 56 27 29 19
2Btx2 13 6 61 19 42 26 3Bt1 32 - 45 22 23 23
3Bt1 15 7 48 16 31 37 3Bt2 44 - 34 12 22 22
3Bt3 20 10 42 10 31 38 TR-SU Ap 14 - 67 21 46 19
CH-SU Ap 11 - 71 27 44 18 Bt1 12 - 60 17 43 28
Bt1 13 - 64 21 43 23 Bt2 8 - 65 22 43 27
Bt2 9 - 66 22 44 25 Btx1 9 - 68 23 45 23
Bt/E 11 - 61 25 36 28 2Btx2 13 - 67 20 47 20
Btx1 16 - 56 22 34 28 3Bt1 19 - 48 13 35 33
Btx2 16 - 55 26 29 29 3Bt2 13 - 42 12 30 45
2Bt 17 - 41 21 20 42
CR-SH Ap 17 - 68 25 43 15
Bt1 5 - 68 25 43 27
Bt2 11 - 67 26 41 22
Bt/E 7 - 72 30 42 21
Btx1 9 - 71 27 44 20
2Btx2 16 - 64 26 38 20
3Btx3 36 - 45 18 27 19
% %
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Appendix V. Oxalate Extractions 
Pedon Series Horizon Sample Type Fe Al Mn Si Pedon Series Horizon
Sample 
Type Fe Al Mn Si Pedon Series Horizon
Sample 
Type Fe Al Mn Si
McL-SH Hosmer Ap B 3.76 1.16 0.28 0.47 GR-FS Sadler Ap B - - - - TR-SU Nicholson Ap B 3.75 0.92 0.38 0.74
Bt1 B 5.72 1.38 0.28 0.77 Bt1 B 2.78 1.65 0.60 0.60 Bt1 B 2.95 1.44 0.19 0.98
Bt/E B 6.39 1.33 0.41 0.96 Bt2 B 2.63 1.45 0.25 0.56 Bt2 B 3.22 1.36 0.15 0.86
Btx1 B 4.07 0.91 0.43 0.88 Bt/E B 2.41 1.49 0.33 0.52 Btx1 B 3.65 1.20 0.23 1.40
P 4.17 0.93 0.46 0.85 Btx B 2.02 1.17 0.21 0.53 2Btx2 B 1.87 0.82 0.26 1.03
C 3.39 0.64 0.06 0.65 2Bt1 B 1.91 1.17 0.13 0.49 3Bt1 B 1.45 1.16 0.06 0.80
Btx2 B 2.40 0.66 0.59 0.71 2Bt2 B 1.00 0.93 0.04 0.78 3Bt2 B 1.77 1.19 0.02 0.82
P 2.01 0.64 0.44 0.73 2C B 1.66 0.77 0.05 0.37 CA-SU Sadler Ap B 2.82 1.13 0.70 0.25
C 1.07 0.41 0.03 0.40 NB-SH Sadler Ap B 3.98 0.91 0.61 0.37 Bt B 3.22 1.44 0.29 0.69
2Btx3 B 1.70 0.60 0.64 0.63 E B 3.45 0.99 0.87 0.22 Bt/E B 3.57 1.50 0.25 0.85
P 1.72 0.60 0.67 0.65 Bt1 B 1.34 0.75 0.08 0.26 Btx1 B 3.37 1.48 0.38 0.86
C - - - - Bt2 B 1.97 0.71 0.25 0.29 P 4.41 1.54 0.50 0.97
3Bt2 B 1.48 0.60 0.40 0.69 Bt3 B 2.31 0.77 0.32 0.33 C 2.49 1.89 0.05 0.81
3Bt3 B 1.13 0.66 0.27 0.91 Bt/E B 2.07 0.79 0.07 0.31 2Btx2 B 2.10 0.98 0.10 0.65
CR-SH Hosmer Ap B 4.60 0.88 0.91 0.64 Btx1 B 1.55 0.90 0.05 0.38 P 1.70 0.86 0.16 0.51
Bt1 B 3.92 1.28 0.17 0.65 P 2.41 1.12 0.18 0.51 C 0.97 0.94 0.02 0.42
Bt2 B 5.00 1.25 0.24 0.67 C 1.09 0.76 0.03 0.28 3Btx3 B 0.91 0.89 0.03 0.45
Bt/E B 5.24 1.21 0.19 0.80 2Btx2 B 0.84 0.45 0.05 0.36 P 0.94 0.98 0.03 0.47
Btx1 B 2.75 0.75 0.13 0.58 P 0.89 0.33 0.08 0.35 C 0.38 0.90 0.02 0.36
P 3.98 0.97 0.36 0.77 C 0.82 0.42 0.03 0.27 CH-SU Zanesville Ap B 3.74 1.24 0.60 0.45
C 3.00 0.76 0.07 0.63 3Btx3 B 0.64 0.30 0.16 0.33 Bt1 B 3.28 1.39 0.16 0.65
2Btx2 B 2.27 0.42 0.26 0.52 P 0.53 0.26 0.16 0.32 Bt2 B 2.96 1.58 0.07 1.06
P 2.49 0.45 0.35 0.51 C 0.30 0.29 0.10 0.26 Bt/E B 3.23 1.86 0.08 0.89
C 1.99 0.47 0.06 0.54 Cr B 0.43 0.37 0.20 0.40 Btx1 B 2.48 1.54 0.06 1.12
3Btx3 B 1.22 0.45 0.19 0.49 OB-SU Sadler Ap B 2.36 0.89 1.02 0.45 P 1.33 1.06 0.05 0.57
P 1.25 0.38 0.21 0.40 Bt1 B 1.72 0.95 0.07 0.56 C 1.53 1.79 0.03 0.61
C 1.12 0.44 0.16 0.51 Bt2 B 2.55 0.94 0.06 0.57 Btx2 B - - - -
Btx1 B 1.97 0.97 0.15 0.46 P - - - -
P 2.29 1.00 0.53 0.50 C 0.63 0.90 0.02 0.55
C 1.57 0.98 0.04 0.39 2Bt B - - - -
2Btx2 B 3.59 1.02 0.23 1.76 2Cr B - - - -
P 0.72 0.52 0.20 0.33
C 0.51 0.51 0.07 0.26
3Bt1 B 0.72 0.55 0.56 0.76
3Bt2 B 0.59 0.55 0.32 0.76
3Bt3 B - - - -
g/kgg/kg g/kg
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Appendix VI. Dithionite Extractions 
Pedon Series Horizon Sample Type Fe Al Mn Si Si/(Si + Al) Pedon Series Horizon Sample Type Fe Al Mn Si Si/(Si + Al) Pedon Series Horizon Sample Type Fe Al Mn Si Si/(Si + Al)
ratio ratio ratio
McL-SH Hosmer Ap B 19.44 2.32 0.33 1.30 0.36 TR-SU Nicholson Ap B 12.72 1.71 0.36 1.50 0.47 OB-SU Sadler Ap B 16.37 2.11 1.15 1.10 0.34
Bt1 B 21.11 2.05 0.33 1.82 0.47 Bt1 B 19.50 2.80 0.15 1.63 0.37 Bt1 B 21.81 2.79 0.13 1.96 0.41
Bt/E B 19.73 1.81 0.40 1.79 0.50 Bt2 B 18.89 2.64 0.15 2.04 0.44 Bt2 B 21.10 2.26 0.10 2.27 0.50
Btx1 B 13.52 1.33 0.48 2.58 0.66 Btx1 B 14.65 2.05 0.36 2.19 0.52 Btx1 B 15.02 1.82 0.28 4.28 0.70
P 14.35 1.45 0.48 2.56 0.64 2Btx2 B 16.44 1.92 0.25 1.92 0.50 P 18.54 2.21 0.62 3.86 0.64
C 14.82 1.01 0.08 3.10 0.75 3Bt1 B 50.99 4.24 0.21 2.67 0.39 C 14.00 1.67 0.13 4.97 0.75
Btx2 B 14.14 1.49 0.58 2.78 0.65 3Bt2 B 35.64 3.18 0.08 1.73 0.35 2Btx2 B 18.64 2.25 0.42 4.41 0.66
P 14.27 1.48 0.61 2.58 0.64 GR-FS Sadler Ap B 13.20 2.52 1.60 0.69 0.21 P 17.74 2.21 0.31 3.89 0.64
C 8.70 0.77 0.08 5.56 0.88 Bt1 B 17.05 3.19 0.66 1.09 0.25 C 11.51 1.43 0.18 4.83 0.77
2Btx3 B 24.81 2.21 0.85 2.82 0.56 Bt2 B 21.00 3.49 0.36 1.45 0.29 3Bt1 B 28.37 3.56 0.78 3.99 0.53
P 22.37 1.96 0.96 2.60 0.57 Bt/E B 25.37 3.66 0.53 1.73 0.32 3Bt2 B 24.01 3.03 0.24 3.40 0.53
C - - - - - Btx B 23.20 2.69 0.28 2.67 0.50 3Bt3 B - - - - -
3Bt2 B 28.72 2.39 0.76 2.38 0.50 2Bt1 B 25.28 2.74 0.20 3.06 0.53 CA-SU Sadler Ap B 12.34 2.13 0.89 0.94 0.31
3Bt3 B 40.89 3.57 0.43 3.72 0.51 2Bt2 B 24.46 2.82 0.08 2.17 0.43 Bt B 18.27 2.85 0.35 1.81 0.39
CR-SH Hosmer Ap B 10.88 1.31 0.89 1.04 0.44 2C B 39.21 2.76 0.20 2.57 0.48 Bt/E B 20.24 2.50 0.31 3.33 0.57
Bt1 B 21.00 2.73 0.23 2.09 0.43 NB-SH Sadler Ap B 13.48 1.81 0.68 0.73 0.29 Btx1 B 17.73 2.53 0.38 4.26 0.63
Bt2 B 22.65 2.29 0.28 2.19 0.49 E B 14.89 2.23 0.91 0.66 0.23 P 17.58 2.20 0.41 3.86 0.64
Bt/E B 19.32 1.80 0.20 3.19 0.64 Bt1 B 17.63 2.61 0.15 0.99 0.28 C 16.51 2.35 0.05 4.74 0.67
Btx1 B 15.39 1.36 0.23 4.91 0.78 Bt2 B 20.39 2.50 0.38 1.30 0.34 2Btx2 B 14.62 1.79 0.18 4.64 0.72
P 16.74 1.56 0.48 4.22 0.73 Bt3 B 19.18 2.09 0.51 1.49 0.42 P 15.02 2.01 0.31 3.41 0.63
C 14.84 1.30 0.18 5.01 0.79 Bt/E B 16.74 1.79 0.20 1.80 0.50 C 8.88 1.39 0.03 4.96 0.78
2Btx2 B 10.98 1.15 0.28 3.59 0.76 Btx1 B 15.97 1.70 0.15 3.29 0.66 3Btx3 B 20.85 2.77 0.05 3.84 0.58
P 11.70 1.17 0.40 3.97 0.77 P 16.53 1.93 0.25 2.77 0.59 P 18.53 2.88 0.05 3.44 0.54
C 10.90 1.09 0.13 5.38 0.83 C 11.54 1.30 0.08 3.30 0.72 C 4.84 1.31 0.00 3.50 0.73
3Btx3 B 11.20 1.45 0.20 2.58 0.64 2Btx2 B 13.31 1.28 0.13 3.69 0.74 CH-SU Zanesville Ap B 6.46 1.02 0.28 0.38 0.27
P 5.87 1.35 0.73 2.02 0.60 P 15.47 1.38 0.20 3.44 0.71 Bt1 B 9.11 1.36 0.10 0.63 0.32
C 5.31 0.70 0.08 2.18 0.76 C 9.02 0.90 0.03 4.47 0.83 Bt2 B 10.36 1.54 0.08 0.89 0.37
3Btx3 B 12.79 1.26 0.25 3.21 0.72 Bt/E B 9.43 1.45 0.05 1.30 0.47
P 13.62 1.31 0.25 3.31 0.72 Btx1 B 6.61 1.09 0.05 1.69 0.61
C 4.63 0.63 0.10 3.75 0.86 P 12.89 2.07 0.08 3.14 0.60
Cr B 19.78 2.15 0.28 3.48 0.62 C 11.39 2.37 0.03 4.14 0.64
Btx2 B - - - - -
P - - - - -
C 9.07 1.67 0.03 3.65 0.69
2Bt B - - - - -
2Cr B - - - - -
g/kg g/kg g/kg
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Appendix VII. Pyrophosphate Extractions 
Pedon Series Horizon Sample Type Fe Al Mn Si Pedon Series Horizon
Sample 
Type Fe Al Mn Si Pedon Series Horizon
Sample 
Type Fe Al Mn Si
McL-SH Hosmer Ap B 2.17 1.38 0.15 2.29 CH-SU Zanesville Ap B 1.21 1.04 0.00 1.21 NB-SH Sadler Ap B 2.48 0.87 0.40 1.41
Bt1 B 1.27 1.20 0.10 1.42 Bt1 B 1.12 1.58 0.00 2.23 E B 1.87 1.26 0.20 1.62
Bt/E B 1.43 1.19 0.10 1.92 Bt2 B 1.04 1.80 0.00 2.43 Bt1 B 0.75 1.06 0.10 1.52
Btx1 B 1.08 0.87 0.10 2.13 Bt/E B 1.53 2.50 0.00 4.28 Bt2 B 0.50 0.81 0.00 1.32
P 0.79 0.68 0.10 1.72 Btx1 B 0.50 1.11 0.00 1.62 Bt3 B 0.59 0.91 0.00 1.42
C 0.81 0.49 0.10 1.21 P 0.65 1.26 0.00 2.23 Bt/E B 0.81 1.17 0.00 2.03
Btx2 B 0.92 0.80 0.10 2.43 C 1.10 2.36 0.00 4.29 Btx1 B 0.59 0.90 0.00 1.94
P 0.67 0.58 0.10 2.12 Btx2 B - - - - P 0.96 1.34 0.00 2.64
C 0.61 0.41 0.05 2.94 P - - - - C 0.53 0.86 0.00 1.83
2Btx3 B 0.51 0.49 0.00 1.60 C 0.44 0.96 0.00 2.03 2Btx2 B 0.85 1.02 0.00 3.56
P 0.36 0.42 0.00 1.42 2Bt B - - - - P 0.52 0.54 0.10 2.12
C - - - - 2Cr B - - - - C 0.59 0.49 0.10 2.13
3Bt2 B 0.40 0.47 0.00 1.42 TR-SU Nicholson Ap B - - - - 3Btx3 B 0.33 0.38 0.10 1.92
3Bt3 B 0.39 0.55 0.00 2.14 Bt1 B 1.52 2.96 0.00 4.39 P 0.29 0.44 0.10 2.22
CR-SH Hosmer Ap B 1.44 0.61 0.41 1.12 Bt2 B 0.81 1.14 0.00 2.14 C 0.29 0.44 0.10 2.34
Bt1 B 1.44 1.39 0.00 2.55 Btx1 B 0.61 1.00 0.00 1.83 Cr B 0.17 0.34 0.10 1.93
Bt2 B 1.12 1.08 0.00 1.53 2Btx2 B 0.51 0.90 0.00 1.72 OB-SU Sadler Ap B 1.21 0.96 0.20 1.74
Bt/E B 1.01 1.01 0.00 1.73 3Bt1 B 1.32 2.31 0.00 4.83 Bt1 B 1.12 1.57 0.00 3.30
Btx1 B 0.93 0.65 0.00 2.54 3Bt2 B 0.33 0.89 0.00 1.33 Bt2 B 1.13 1.45 0.00 2.68
P 0.88 0.77 0.00 1.93 CA-SU Sadler Ap B 1.16 1.04 0.20 1.22 Btx1 B 1.43 1.73 0.00 4.54
C 0.86 0.62 0.00 2.24 Bt B 0.47 1.15 0.00 1.33 P 1.15 1.56 0.00 3.53
2Btx2 B 0.57 0.35 0.00 2.02 Bt/E B 0.62 1.18 0.00 1.64 C 1.08 1.56 0.00 3.72
P 1.35 0.84 0.00 3.64 Btx1 B 0.63 1.17 0.10 1.95 2Btx2 B 1.44 2.78 0.00 9.24
C 1.74 1.42 0.00 7.24 P 0.64 1.02 0.10 1.64 P 0.48 0.86 0.00 2.90
3Btx3 B 0.49 0.56 0.00 2.28 C 0.55 1.25 0.00 1.96 C 1.04 1.80 0.00 6.23
P 0.45 0.40 0.00 2.22 2Btx2 B 0.92 1.08 0.00 2.96 3Bt1 B 0.71 1.30 0.00 4.86
C 0.45 0.48 0.00 2.95 P 0.63 0.87 0.05 2.29 3Bt2 B 1.01 2.29 0.00 7.52
GR-FS Sadler Ap B 0.99 0.89 0.31 0.92 C 0.40 0.78 0.00 2.15 3Bt3 B 0.64 1.77 0.00 5.67
Bt1 B 0.44 0.85 0.10 1.02 3Btx3 B 0.70 0.97 0.00 2.45
Bt2 B 0.57 1.18 0.00 1.43 P 0.27 0.65 0.00 1.63
Bt/E B 0.45 1.16 0.00 1.12 C 0.30 1.02 0.00 2.45
Btx B 0.43 0.94 0.00 1.32
2Bt1 B 0.37 0.81 0.00 1.22
2Bt2 B 0.28 0.74 0.00 1.02
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